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Metastable polymers that depolymerize in response to environmental stimuli to change 
shape, form, or function have garnered increased research interest in recent years. 
Demonstrated applications include signal amplification, temporary electronics, and drug 
delivery. These transient applications take advantage of the large transformation in 
properties that accompany the depolymerization of high molecular weight polymers into 
their monomeric components. Depolymerization of metastable polymers can be tailored 
by incorporating stimuli responsive agents that destabilize the host polymer in reaction to 
a variety of environmental stimuli. 
This thesis reports on a detailed investigation of the metastable polymer cyclic 
polyphthalaldehyde (cPPA). cPPA can be triggered to depolymerize into its monomeric 
component by exposure to heat or acid. Its degradation in response to these stimuli was 
characterized along with its aging-dependent mechanical properties. Significant effort 
was invested in on processing (at scale) of cPPA in both solvent/tape casting as well as 
thermoforming via hot press molding. 
A photoacid generator (PAG) was incorporated into cPPA films to generate acid within 
the film in response to exposure to UV light. Acid cleaved the polymer backbone of cPPA 
and resulted in solid state depolymerization into the monomer oPA. The depolymerization 
kinetics in response to UV light were characterized by dynamic mechanical analysis and 
FTIR. These polymer films were then used as substrates for the fabrication of UV 
triggered transient electronics that were destroyed by exposure to UV light. Transience 
rates were tuned by modifying the PAG concentration and the irradiance of the UV source.  
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A thermoacid generator (TAG) was also incorporated into cPPA films to generate acid in 
response to thermal heating. The TAG poly(vinyl tert-butyl carbonate sulfone) (PVtBCS) 
forms acid at moderate temperatures (ca. 85 °C) in the presence of water and also 
depolymerizes into purely volatile products. Upon heating to 85 °C, the PVtBCS/cPPA 
films generated acid and began to depolymerize and evaporate due to volatility of the 
monomeric byproducts. Thermally-triggered films evaporate to leave < 2 wt% residual 
mass and depolymerize rapidly with tailorable depolymerization kinetics. The 
depolymerization kinetics can be accelerated by increasing the triggering temperature or 
increasing the concentration of PVtBCS in the PVtBCS/cPPA film. It is demonstrated that 
the total time for depolymerization is much less than the time required for complete 
evaporation. 
Solvent-based approaches were developed for the processing of cPPA. Uniform cPPA 
films were fabricated with both solvent casting and tape casting methods. It was 
discovered that a considerable amount of residual solvent remained in the polymer films 
after processing. The mechanical properties of the cPPA films and their dependence on 
several processing parameters were assessed. As expected, the parameters that 
resulted in a reduction of the residual solvent concentration led to an increase in the Tg 
of the cPPA. The volatility of the solvent played a large role in the plasticization of the 
films and an inverse relation between Tg and boiling point of the solvent was 
demonstrated. The elastic modulus, ultimate tensile strength, and Tg all increased as the 
residual solvent concentration decreased.  
The thermally-triggered depolymerization of neat cPPA was investigated and tailored in 
order to enable thermal processing routes towards the thermoforming and molding of 
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cPPA. Stabilization of cPPA at elevated temperature was accomplished by removal of the 
latent Lewis acid catalyst BF3 and by addition of radical inhibitors and a Lewis base. 
Addition of a plasticizer to the stabilized cPPA significantly depressed the thermal 
transitions of the stabilized cPPA below the onset temperature of depolymerization, 
opening a thermal processing route for cPPA. A monolithic solid cPPA polymer was 
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Chapter 1: An Introduction to Metastable Polymers and their 
Application in the Solid State 
 
1.1 Motivation 
Over the past decade, polymers capable of triggered depolymerization into small 
molecule or their constitutive monomers have been created. This introduction surveys the 
recent advancements, mechanisms of depolymerization, and applications for 
depolymerizable polymers and my motivation for studying solid state depolymerizable 
polymers. 
Depolymerizable polymers are an exciting class of dynamic materials that undergo 
controlled transformations from a macromolecule with tens, hundreds, or thousands of 
repeat units into small molecules. The depolymerization is initiated (triggered) by a single 
detection event where a stabilizing functional group is removed by exposure to a specific 
stimulus (chemical, light, heat), resulting in complete depolymerization into small 
molecules or monomers. The conversion from polymer to monomer is accompanied by a 
change in the physical and chemical properties of the material such as color, wettability, 
phase, and structure. Depending on the application, the generated small molecule or 
monomer may also perform a function (e.g. drug delivery). These stimuli responsive 
materials have been used in applications such as controlled release[1,2], signal-
amplification[3], dynamic restructuring[4], sacrificial templates, lithography[5], transient 
electronics[6,7], drug delivery[8], microfluidics[3], tunable adhesives[9], and recycling[9]. 
To date, most of the published literature in depolymerizable polymers has been performed 
for polymers in solution. In 2008, Shabat and coworkers developed the first self-
2 
 
immolative polymer to increase the active payload of a pharmaceutical ingredient in a 
single molecule.[8] The work was an extension of depolymerizable micelles that were used 
for drug delivery, but were largely limited in their active ingredient loading.[10] By creating 
linear polymer chains with high molecular weights, the active ingredients could be added 
to the polymer backbone without any steric hindrance effects that prevented high content 
loading in depolymerizable micelles. Depolymerizable polymers have since been 
expanded beyond drug delivery applications to applications that leverage the decrease in 
molecular weight and change in chemical functionality.  
With most of the current research focused on developing and understanding a variety of 
depolymerization mechanisms, little work has been performed on studying these 
materials for solid state applications. The development of solid-state depolymerizable 
polymers is challenging because depolymerization kinetics can be drastically different 
between polymer solutions and solid-state polymers. Additionally, the requirements that 
these polymers be suitably stable and capable of triggered depolymerization appear to 
be orthogonal. This difficulty is demonstrated by the existence of only a few solid state 
depolymerizable polymers, including poly(aldehyde)s and poly(benzyl ether)s.[11–14]  The 
objective of this thesis is to thoroughly investigate and characterize the solid state 
depolymerizable polymer cyclic polyphthalaldehyde. This work explores the relationship 
between the bulk material properties and its depolymerizable properties, and highlights 
the interesting applications that stem from a bulk material that can be depolymerized 
rapidly in response to a triggering stimulus.   
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1.2 Potential Applications 
1.2.1 Transient Electronics 
This thesis was largely motivated by the need for new transient substrates for destructible 
electronics. Transient electronic devices that physically or functionally disintegrate on 
demand have potential applications in a variety of areas such as temporary 
reconnaissance, biomedical diagnostics and sensors, and multifunctional devices with 
tunable functional profiles. The development of materials with transient properties is 
critical for the advancement of this technology and its potential applications. Hwang et al. 
demonstrated bioresorbable devices that were successfully fabricated with Mg 
electrodes, MgO gate dielectrics, Si nano-membrane semiconductors, and silk 
substrates.[15] Previous work has focused on demonstrating various classes of transient 
devices such as high-performance complementary metal-oxide-semiconductor (CMOS) 
transistors, Si solar cells, strain/temperature sensors, digital imaging devices, and 
wireless power scavenging systems, as well as mechanical energy harvesters and 
actuators.[16] There is also a variety of metals for electrodes such as Mo, W, Zn, and Fe 
and materials for encapsulation and passivation such as SiO2 and SiNx.[17] Additionally, 
several biodegradable polymers, such as polycaprolactone, polyglycolic acid, polylactic 
acid, and polylactic-co-glycolic acid have been proposed as suitable substrates for 
transient electronics.[18] 
The first demonstration of transient devices were destroyed when submerged in a biofluid 
or aqueous solution. The life-cycle of the transient system is solely controlled by the 
dissolution rate of the materials selected at initial fabrication and the dependence on 
solution-based degradation largely precludes its use in non-biological applications. 
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Metastable polymers, such as those with low ceiling temperatures (Tc), and self-
immolative polymers, that can be depolymerized rapidly by specific stimuli (triggers) offer 
a versatile new avenue for materials selection. These polymers provide precise control 
over the lifetime of the transient device and expand on the utility of transient devices 
beyond dissolution methods alone. We envision a unique approach towards on-demand 
physical transience of electronics for a variety of triggering stimuli such as humidity, 
temperature, and light. These metastable polymers must fulfill several technical criteria: 
(1) adequately perform as a substrate or encapsulant for microelectronic packaging, (2) 
depolymerize in response to an environmental trigger and deactivate the electronics, and 
(3) allow for tunable degradation kinetics. More generally, the materials used for transient 
electronics are engineered to respond to an environmental stimulus (trigger) that initiates 
the degradation of the material in a controlled fashion. Recently, there have been several 
reports of promising materials that don’t rely on dissolution alone for transient electronics, 
such as thermally degradable polycarbonates[19]; sublimating materials[20]; self-
immolative copolymers[21]; water-soluble, biodegradable polymers[16,18,22,23]; and 
temperature-sensitive poly(carbonate sulfones).[24,25]  
1.2.2 Sacrificial Materials 
Sacrificial materials can be used to create temporary structures or barriers. Sacrificial 
materials must be stable throughout the initial process for which it is being used, but then 
be easily removed in a secondary step or process. For example, the fabrication of 
vascular networks in composite and epoxy materials has been an active area of research 
filled with a variety of fabrication methods, including fugitive inks, wax[26], and most 
recently polylactic acid[27] as sacrificial negative molds. Once a part is fabricated around 
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the sacrificial mold, the sacrificial material can be removed by applying the appropriate 
degradation conditions. The key conditions in this process are: (1) the sacrificial material 
must be stable when processing the part of interest and (2) the removal of the sacrificial 
material must not degrade or adversely affect the part of interest. Depolymerizable 
polymers can respond to orthogonal triggers to depolymerize rapidly and may find utility 
as sacrificial materials.  
1.2.3 Recycling 
In recycling, there is a need for facile methods of reusing polymeric materials. 
Depolymerizable polymers present a clear advantage over current methods of recycling. 
Current methods in recycling are either mechanical, biodegradable, or chemical, and all 
suffer from negative outcomes. Mechanical recycling is currently the favored approach, 
where discarded polymers are processed into feedstock pellets or new plastic parts. This 
process is limited by the eventual degradation of the recycled plastic leading to 
progressively lower molecular weights and polymer performance. Biodegradable 
polymers are supposed to degrade in a landfill into nontoxic chemicals, but often the 
degradation process is based on hydrolysis (e.g. PLA) which has been found to be 
negligible under natural conditions.[28] Chemical recycling is the process of 
depolymerizing discarded polymers into monomer to recreate the chemical feedstock of 
monomer to repolymerize. This approach suffers from high energy requirements needed 
to depolymerize polymers that are extremely stable. Depolymerizable polymers would be 
recycled in a very similar manner to chemical recycling, except that the polymers are 
designed from inception to depolymerize easily and rapidly into monomer. This 
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circumvents the need for high energy input and make chemical recycling more 
economically feasible.  
Depolymerizable polymers provide the capability to revert polymers back to monomer in 
high yield with low energy input and will make it possible to repolymerize polymers that 
are of equal quality of the original polymer. Transitioning these materials into consumer 
applications, however, will require the development of a polymer that is stable enough for 
consumer applications, with a depolymerization trigger that is orthogonal to normal 
operating conditions. There will be significant challenges in pursuing this strategy, both 
scientific and economic, but it is possible that it may redefine the way we think about 
designing polymers and recycling them.  
1.3 Depolymerizable Polymers 
1.3.1 Definition of Depolymerizable Polymers 
The depolymerizable polymers discussed in this thesis should be distinguished from 
depolymerizable polymers in general. The term depolymerization as defined by IUPAC is 
“The process of converting a polymer into a monomer or a mixture of monomers,” which 
provides no explicit definition as to the rate or mechanism of depolymerization/reaction. 
Depolymerization has been used in the polymer literature to describe various 
depolymerization mechanisms. Since depolymerization is a thermodynamically reversible 
reaction, it is theoretically possible that all polymers could be depolymerized. However, 
thermal degradation often occurs much before depolymerization begins to take place. 
Some polymers may degrade in response to non-specific chain scission, such as in the 
hydrolysis of the backbone of polylactic acid, poly(lactic-co-glycolic acid,) and 
poly(glutaraldehyde) (Figure 1.1) where hydrolysis leads to fragmentation and eventually 
7 
 
leads to complete degradation of the polymer into smaller molecules. The polymers 
discussed in this thesis depolymerize by continuous head to tail unzipping of the polymer 
chain where a sequence of self-propagating reactions lead to the generation of monomer. 
 
Figure 1.1. Schematic for a) fragmentation depolymerization which results from a single 
cleavage event in response to an input stimulus. (Note that the polymer does not continue 
to depolymerize without further stimulus input), and b) unzipping depolymerization 
initiated by a single cleavage event in response to an input stimulus. (Note that only one 
cleavage event is required for complete depolymerization). 
In depolymerizable polymers (also referred to as unzipping[29], self-immolative[8], and 
metastable polymers[1,7]), depolymerization can occur at or near room temperature and is 
initiated by cleaving a stabilizing functional group. A single cleavage event creates a 
reactive group in the polymer chain resulting in continuous and complete unzipping of the 
polymer into monomer or small molecule, depending on the mechanism. There are 
currently five classes of depolymerizable polymers (Table 1.1) with different 
depolymerization mechanisms and stimuli responsiveness, but they all share the ability 
to depolymerize completely into small molecule or their constitutive monomers in 




(e.g. polyaldehydes and polyolefin sulfones)[14,24,25,32–36], polybenzylethers[11,12], 
polybenzylcarbamates[8,37], polymers that unzip by intramolecular cyclization and quinone 
methide elimination reactions, and polymers that unzip by intramolecular cyclization 
reactions. Each individual mechanism of depolymerization has different attributes 
important to stimuli responsive applications such as the rate of depolymerization, thermal 
stability, depolymerization products, ease of polymerization, and stimuli specificity. 
However, only poly(aldehyde)s and poly(benzyl ether)s have been successfully 
depolymerized in the solid-state in response to a chemical trigger and demonstrating a 
complete depolymerization into monomer.[7,9,11,12,29] Poly(phthalaldehyde) has shown 
significant promise for solid state applications[4,38] because it depolymerizes rapidly in 
ambient conditions in quantitative monomer yields.  
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1.3.2 Low Ceiling Temperature Polymers[65] 
Polymerizations are reversible processes, and the change in free energy for the process 
must be negative for it to occur spontaneously. Most polymerizations are exothermic 
(Δ𝐻 < 0) processes with a reduction in entropy (Δ𝑆 < 0).[66] It is obvious from Equation 
1.1 that there is a temperature – referred to as the ceiling temperature (Tc) – for which the 
change in free energy is equal to zero (Equation 1.2).[67,68] When the change in free 
energy is zero there is equilibrium between the forward reaction (polymerization) and the 
reverse reaction (unzipping depolymerization). As a result, the depolymerization reaction 
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is thermodynamically favored at temperatures above Tc and prevents the formation of 
high molecular weight molecules.  
Equation 1.2 is difficult to use experimentally for identifying the Tc for two reasons. First, 
Δ𝐻𝑝 and Δ𝑆𝑝  depend on temperature. Second, the polymerization of the oPA monomer 
in solution forms a soluble polymer resulting in a temperature dependent equilibrium 
between polymer and monomer in solution. As a consequence of this temperature 
dependent equilibrium, there are several methods to define the ceiling temperature which 
depend on the equilibrium monomer concentration. Equation 1.3 is used to calculate Tc 
as a function of the equilibrium monomer concentration, which is typically chosen at 1 
mol/L. Furthermore, the parameters Δ𝐻𝑝 and Δ𝑆𝑝
°  are calculated from a plot of the 
equilibrium monomer concentration (ln[𝑀]𝑒) against inverse temperature ( 
1
𝑇
 ) per 
Equation 1.4. The slope is 
Δ𝐻𝑝
𝑅




 which can be used in Equation 1.3 
















  Equation 1.4 
This free energy argument explains when a polymerization or depolymerization is 
thermodynamically favored, yet low ceiling temperature polymers can often be heated 





 (Equation 1.2) 
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past the ceiling temperature without depolymerizing. These polymers are stable only 
because no active chain end or ‘degradative centers’ from which the depolymerization 
may commence exist, resulting in a metastable state above Tc that prevents spontaneous 
depolymerization until a reactive chain end is created. Reactive chain ends during 
polymerization are removed by the addition of terminating end groups or (in the case of 
cationically polymerized polyphthalaldehyde) by self-cyclization of the polymer chains. In 
some cases, residual polymerization catalyst can serve as a catalyst for 
depolymerization, and will be discussed in detail for cyclic polyphthalaldehyde in chapter 
5. 
From a stimuli-responsive applications perspective, the metastability of a low Tc polymers 
presents a simple but powerful approach for selectively initiating the depolymerization of 
a polymer. The depolymerization can always be initiated by the formation of a single 
active chain end (degradative center) from which the thermodynamically favored 
depolymerization can propagate. This is often done by the removal of the terminating end 
group or cleavage of the backbone of a polymer chain. An advantage of this approach is 
that only a single active chain end per polymer chain is needed to depolymerize the entire 
chain, making the depolymerization of these types of polymers extremely sensitive to a 
depolymerization stimulus. If the removal of end groups or cleavage of the polymer 
backbone can be caused by specific environmental triggers (e.g. electromagnetic 
radiation, a chemical signal, or a change in temperature) then the depolymerization of low 




Ortho-phthalaldehyde (oPA) is a yellow crystalline solid with a melting point of 56 °C and 
boiling point of 266 °C at 760 mmHg (calculated).[69] Beyond its use in this work as the 
monomer for the synthesis of cPPA, it is used as a high level disinfectant (HLD) of clinical 
instruments that cannot be sterilized, antimicrobial, pesticide, tanning agent in the leather 
industry, synthesis intermediate for pharmaceuticals, and fluorescent tag.[69–77] It has 
been commercialized as an antimicrobial under the commercial names Cidex-oPA 
(0.56% oPA in water), Ucarcide P200 Antimicrobial (99.8%), and Cidex O.P.A. 
Antimicrobial (99.7%). The spike in oPA use worldwide has raised questions about its 
safety and potential toxicity that led to a nomination for toxicological evaluation by the 
national toxicology program in 2007.[69]  
There have been several studies published that report several side affects in humans 
exposed to cystoscopes that were disinfected with oPA. oPA was selected to replace 
glutaraldehyde as a disinfectant, because it has a lower volatility than glutaraldehyde and 
is more effective at disinfecting.[70] The side effects include anaphylaxis, respiratory 
symptoms, mucous irritation, skin sensitization, angioedema, urticaria, asthma, and 
brown skin stains.[69–77] The reported LD50 in mice is 27 mg/kg.[69] These reports suggest 
that oPA is not biocompatible, and as a result neither is cPPA. 
The cost of oPA has been decreasing over the course of the previous years. In 2012, the 
price of oPA from Alfa-Aesar was $5.6/gram, which has decreased to $0.32/gram from 
Oakwood Chemical in 2017. The significant price decrease has enabled affordable and 




1.5 Cyclic Polyphthalaldehyde 
Cyclic polyphthalaldehyde (cPPA) is a low ceiling temperature polymer (Tc = -42 °C) that 
depolymerizes completely upon cleavage of its acetal backbone. It is the focus of this 
dissertation and is introduced here to provide context for the work presented in the rest 
of this thesis. cPPA has been of primary interest because – in addition to its solid state 
depolymerization – it has a facile one step synthesis from a commercially available 
monomer[59], has an acid sensitive backbone[4,6,7,54], depolymerizes into the monomer in 
quantitative yields[29], and can be tuned to respond to specific stimuli[4,6,7,29]. It also has a 
long history of use in the literature for photolithography applications, where its rapid acid-
triggered depolymerization was used for creating self-developing photoresists[38]. More 
recently, it has been explored as a solid state depolymerizable polymer for stimuli-
responsive applications including nano-lithography[78], package delivery[2,60], transient 
electronics[6,7], and shape reconfiguration[4].  
cPPA is polymerized from o-phthalaldehyde by cationic polymerization with boron 
trifluoride etherate as the initiator in dichloromethane at -78 °C (Figure 1.2). To date, the 
largest polymerization that has been reported is 4.0 g of oPA.[59] An increase in 
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polymerization size is needed if cPPA is to be used for any practical application or large 
experimental study. 
  
Figure 1.2. Polymerization scheme for cPPA 
The polymer is polymerized at -78 °C, below its ceiling temperature (-42 °C). It was shown 
in previous work that the cationic polymerization of oPA results in the formation of large 
cyclic polymer chains.[32,56,59] The cyclization of cPPA leads to the removal of all active 
chain ends from the polymer and provides kinetic stability in ambient conditions.  
The kinetic stability of cPPA can be easily removed by cleaving the backbone of the 
polymer, resulting in the rapid depolymerization of the polymer. The cPPA backbone is 
made exclusively of acetal bonds, which are highly acid sensitive and can be protonated 
to create an active chain end that rapidly unzips along the entire polymer backbone to 
generate monomer (Figure 1.3). Additives that generate acid in response to UV light or 
heat (as demonstrated in chapters 2 and 3) can be used to cleave the acetal backbone 




Figure 1.3 Acid triggered depolymerization of cPPA 
cPPA has also been shown to be thermally sensitive, degrading at temperatures at or 
below 150 °C by dynamic TGA experiments at 10 °C/min.[59] Degradation of cPPA at 
these temperatures results in < 2 wt% of residual mass. Although, no explanation was 
given in the literature as to why cPPA depolymerizes at these temperatures and no 
analysis of the depolymerization products was performed. The literature also lacks any 
isothermal experiments or kinetic evaluation of the degradation which is critical to 
evaluate the stability of the polymer at elevated temperatures. Differential scanning 
calorimetry reveals that cPPA remains a glassy polymer with no noticeable thermal 
transitions before the degradation of the polymer.[59] It is an interesting phenomenon for 
cPPA, a thermoplastic, to thermally degrade before reaching any thermal transition.  
In Chapter 2 and Chapter 3, stimuli responsive acid generators are used as transducers 
that convert UV light (Ch 2) and heat (Ch 3) stimuli into acid generation. A detailed 
investigation into the degradation products and depolymerization rate of cPPA when 
depolymerized with the acid generators is presented. Chapter 2 also details the use of 
acid triggered cPPA films with transient electronics and an analysis of the degradation 
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rate is presented. Appendix B discusses the progress made with transient electronics on 
the thermally cPPA films presented in Chapter 3.  
With two successful and viable approaches for triggering the depolymerization of cPPA, 
my studies shifted focus to an investigation of the mechanical properties and thermal 
processing of cPPA. Form often defines function, and the manufacture of plastic parts 
from cPPA is important for the development of multiple solid state transient applications. 
However, the metastability of cPPA presents challenges for the reliable and repeatable 
processing of cPPA into monolithic plastic parts. 
Chapter 4 is a detailed investigation into the processing and manufacture of cPPA films 
using a solvent casting approach that avoids unwanted depolymerization caused by 
thermal processing. The solvent casting approach for creating cPPA films is discussed 
and the severe limitations in creating functional monolithic cPPA parts are presented. A 
thermomechanical and bulk mechanical characterization of solvent cast cPPA films is 
presented in detail. 
Chapter 5 presents a study into the root cause for the spontaneous and non-repeatable 
thermal degradation of cPPA at temperatures > 100 °C. It was the goal of this work to 
understand and inhibit the thermal degradation of cPPA to enable thermal processing of 
cPPA into monolithic plastic parts. The effects of various polymerization impurities on the 
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Chapter 2: UV Triggered Depolymerization of Cyclic 
Poly(phthalaldehyde) for Transient Electronic Applications1 
2.1 Introduction 
Previous efforts in transient electronics have relied on device transience initiated by the 
dissolution of the constitutive materials. This limits the application of these devices 
because the life-cycle of the system is solely controlled by the dissolution rate of the 
materials selected at initial fabrication and the reliance on solution based degradation 
largely eliminates non-biological applications.[1–4] Metastable polymers, such as those 
with low ceiling temperatures (Tc), and self-immolative polymers, that can be 
depolymerized rapidly by specific stimuli (triggers) offer a versatile new avenue for 
materials selection which provides precise control over the lifetime of the transient device 
                                            
1 The work in this chapter is based on the publication “Lopez Hernandez, H.; Kang, S.-K.; 
Lee, O. P.; Hwang, S.-W.; Kaitz, J. A.; Inci, B.; Park, C. W.; Chung, S.; Sottos, N. R.; 
Moore, J. S.; Rogers, J. A.; White, S. R.. Triggered Transience of Metastable 
Poly(phthalaldehyde) for Transient Electronics. Adv. Mater. 26 (45), 7637–7642 
Copyright © 2014 John Wiley & Sons, Inc.,” and involved the contributions of several 
researchers. HLH led this work. CWP, BI, and HLH worked together on the proof of 
concept of UV depolymerization of a free-standing film. JAK synthesized all cPPA used 
in this study. OPL helped with FTIR experiments. S-KK and S-WH fabricated the 
electronics presented in this work and validated the performance of the diodes and 




and expands the utility of transient devices beyond dissolution methods alone.[5–9] We 
envision a unique approach towards on-demand physical transience of electronics for a 
variety of triggering stimuli such as humidity, temperature, or light. These metastable 
polymers must fulfill several technical criteria: (1) suitably performs as a substrate or 
encapsulant for microelectronic packaging, (2) depolymerizes in response to an 
environmental trigger and deactivates the electronics, and (3) allows for tunable 
degradation kinetics. Among the metastable polymers reported to date, 
poly(phthalaldehyde) (PPA) is an ideal candidate for this application due to its low ceiling 
temperature (Tc = -43°C), easy synthesis with various end-groups, and its rapid 
depolymerization upon backbone bond cleavage.[5,10–16] PPA has been used as an acid-
degradable photoresist, and its linear, end-functionalized derivatives synthesized by 
anionic polymerization have been shown to depolymerize selectively in the presence of 
chemical triggers.[6,16–20] 
In this chapter, the rapid depolymerization of cPPA with a photoacid generator (PAG) was 
investigated. The PAG was used to generate acid in response to irradiation to UV light, 
which, in turn, begins to cleave the polymer backbone of cPPA and leads to the unzipping 
depolymerization of cPPA into the monomer oPA. Photo-triggerable transient electronics 
were fabricated on a cyclic PPA (cPPA) substrate with a PAG additive. The electronics 
were destroyed by triggering the PAG/cPPA substrates with UV light. Transience rates 
were tuned by modifying the PAG concentration and the irradiance of the UV source. In 
addition, we demonstrate the encapsulation of a passive device with PAG/PPA. The 
degradation of the encapsulating film leads to the degradation of the electrode causing 
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an altered performance of the device. We suggest this can be used as a partial triggering 
technique where only part of a device is destroyed. 
2.2 Materials and Methods 
2.2.1 Materials 
Unless otherwise stated, all starting materials were obtained from commercial suppliers 
and used without further purification. Anhydrous dichloromethane was obtained from an 
Anhydrous Solvent Delivery System (SDS) equipped with activated alumina columns. o-
Phthalaldehyde (98%, Alfa-Aesar) was purified according to a literature procedure.1 
2.2.2 Polymerization 
Cyclic poly(phthalaldehyde) (cPPA) was prepared according to a literature procedure 
(Figure 2.1).[5] oPA (4.00 g, 29.8 mmol) was weighed into a Schlenk flask and dissolved 
in DCM (32 mL). The solution was cooled to -78 °C and boron trifluoride diethyl etherate 
was added (0.08 mL, 0.65 mmol). The reaction was stirred at -78 °C for 2 h, after which 
pyridine (0.20 mL, 2.5 mmol) was added. The mixture was stirred for 2 h at -78 °C, then 
brought to room temperature, and the polymer was precipitated by pouring into methanol 
(0.5 L). The white, fibrous product was collected by filtration, then further purified by 





Figure 2.1 | Polymerization of cPPA 
 Molecular weights of cPPA in this study ranged from 134 to 175 kDa (Mn) with PDIs of 
2.3 to 2.5. To incorporate UV light sensitivity, we used the PAG 2-(4-methoxystyryl)-4,6-
bis(trichloromethyl)-1,3,5-triazine (MBTT), which generates a highly reactive Cl· radical 
that abstracts a hydrogen from the environment to form hydrochloric acid (HCl) upon 














1 0.9 50 / 1 90 149 346 2.3 
2 0.9 50 / 1 85 175 438 2.5 
3 1.0 40 / 1 82 134 320 2.4 
aAverage molecular weights and polydispersity determined by gel permeation 
chromatography (GPC), calibrated with monodisperse polystyrene standards. 
2.2.3 Film Casting 
cPPA films were solvent-cast onto a PTFE substrate from solutions in dioxane. Diethylene 
glycol dibenzoate (DGD) was added as a plasticizer to minimize cracking or breaking of 
the films during handling. Optimized conditions used a solution of cPPA, MBTT and 
plasticizer in dioxane (100 mg cPPA : 2.5-5 mg MBTT : 2.5 mg DGD : 3 mL dioxane). The 
solution was drop-cast onto PTFE-lined petri dishes. Subsequent solvent evaporation for 
18 h allowed the removal of free-standing MBTT/cPPA films (Figure 2.2) due to the low 
adherence of cPPA to PTFE. 
 




2.2.4 Fabrication of transient electronics (n-channel silicon MOSFETs, Si PIN 
diodes and Mg resistor) 
An active region of Si N-MOSFETs and PIN diodes was formed on p-type SOI wafers 
(SOITECH, France) by phosphorus doping at 950 °C and boron doping at 1000 °C. After 
the individual device was isolated by reactive ion etching (RIE), the buried oxide was 
partially etched by hydrofluoric acid (HF, 49% electronics grade, ScienceLab, USA) to 
release silicon nanomembranes (Si NMs). A square dot (3 μm × 3 μm) square array was 
patterned and etched by RIE to fully undercut the buried oxide. Figure 2.3 introduces the 
schematic flow for fabricating n-channel monocrystalline silicon metal-oxide field-effect 
transistors (N-MOSFETs) on MBTT/cPPA free-standing film. The MBTT/cPPA was 
prepared by casting mixture of 2.5 mg MBTT : 100 mg cPPA : 2.5 mg diethylene glycol 
dibenzoate (DGD) : 3 mL dioxane on PTFE plates.  After doped and isolated on SOI 
wafer, the top silicon, silicon nanomembrane (Si NM) is undercut, picked up with 
polydimethylsiloxane (PDMS) stamp, and transfer-printed on MBTT/cPPA film.  The gate 
oxide (MgO, ~ 80 nm thick) and metal electrodes (Mg, ~ 300 nm thick) were deposited 
through electron-beam evaporation with high resolution stencil mask.  The serpentine Mg 





Figure 2.3 | Fabrication procedure for active electronics on MBTT/cPPA substrates.   
2.2.5 Dynamic mechanical analysis (DMA)  
Dynamic mechanical analysis was performed using a TA instruments RSA III. Tested 
cPPA films were cast as described previously and then cut with a punch into rectangular 
samples of 3.18 mm × 15.88 mm x 40 µm. Film specimens with a gauge length of 10 mm 
were gripped with the thin film grips supplied by TA instruments. Samples were measured 
in time sweep mode with a constant static force of 20 g. The forced dynamic strain was 
0.075 % at 1 Hz. A 365 nm UV lamp was mounted facing the specimen. The distance 
between the lamp and the specimen was varied to change the irradiance. 
2.2.6 Fourier Transform Infrared Spectroscopy (FTIR) 
30 
 
FT-IR was performed on a Nicolet Nexus 670 FT-IR spectrometer in transmittance mode. 
For FT-IR, solutions of 2.5 mg MBTT : 100 mg cPPA : 3 mL dioxane were made and then 
cast onto a KBr plate. The film thickness was approximately 5 μm. The film was irradiated 
at 30-second intervals up to 180 seconds. 
2.2.7 Resistance Measurements of Mg Resistors 
The serpentine Mg traces were placed in a Wheatstone quarter-bridge setup and 
LabView 2012 was used to monitor the resistance. The resistor was exposed to a UV 
light (365 nm) at varying distances to tune the irradiance on the sample. The resistance 
was continuously monitored at 0.5 Hz until the resistance reached a value > 1 M Ω. 
2.2.8 NMR and Gel Permeation Chromatography 
1H and 13C NMR spectra were obtained with a Varian 500 MHz spectrometer in the School 
of Chemical Sciences NMR laboratory at the University of Illinois at Urbana-Champaign. 
Analytical gel permeation chromatography (GPC) analyses were performed on a system 
composed of a Waters 515 HPLC pump, a Thermoseparations Trace series AS100 
autosampler, a series of three Waters HR Styragel columns (7.8’ 300 mm, HR3, HR4, 
and HR5), and a Viscotek TDA Model 300 triple detector array, in HPLC grade THF (flow 
rate = 0.9 mL/min) at 25 °C. The GPC was calibrated using a series of monodisperse 
polystyrene standards.  
2.3 Results and Discussion 
The cPPA films remain robust under ambient conditions until they are exposed to UV light 
and begin to rapidly lose their mechanical integrity. The generation of HCl by MBTT leads 
to the cleavage of the acetal backbone of cPPA, resulting in a rapid depolymerization of 
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the cPPA due to its low Tc. The depolymerization of cPPA films is revealed qualitatively 
as a transformation from an easily handled free-standing film to an oily and then 
crystalline residue that agglomerates as time progresses under UV exposure. Our 
approach to transient electronics using UV triggered cPPA substrates is shown in Figure 
2.4. Electronics are fabricated onto MBTT/cPPA films (left) and remain stable until they 
are exposed to UV light and HCl is generated (middle). After HCl is generated it reacts 
with the acetal backbone of cPPA and the substrate begins to degrade leading to the 
destruction of the electronics (right). 
 
Figure 2.4 | Photo-induced transience of MBTT/cPPA substrate with electronics. 
Exposing the MBTT/cPPA substrate (left) to UV generates HCl (middle) that causes the 
rapid depolymerization of the acid sensitive cPPA polymer. This leads to the destruction 
of the electronics on the substrate (right). In addition to the disintegration of the substrate 
polymer, generated HCl also degrades the Mg electrodes. 
The mass loss of MBTT/cPPA films during degradation was measured. cPPA films with 
5 % MBTT were cast as outlined previously. Briefly, the films were cast from a solution of 
5 mg of MBTT : 2.5 mg DGD : 100 mg cPPA : 3 mL dioxane to yield ca. 40 µm thick films. 
The films were weighed on an analytical scale (Mettler Toledo MODEL XS204) while they 
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were continuously irradiated with a 365 nm UV light. The scale was connected to LabView 
2012 and the mass loss was continuously monitored for the duration of the experiment.  
Figure 2.5 shows the mass loss for the 5 % MBTT film at different UV irradiances. On 
average, all films tested lost about 17% of their mass regardless of the irradiance used. 
We observed that as the irradiance increases, the rate of mass loss increases as well. It 
was found that the mass lost was due to the evaporation of dioxane, indicating that after 
casting some dioxane remains entrapped in the film. 
 
Figure 2.5 | Retained Mass for 5 % MBTT/cPPA subject to UV exposure at various 
UV irradiances 
IR spectroscopy and dynamic mechanical analysis (DMA) were used to characterize the 
physical and chemical changes in MBTT/cPPA films exposed to UV light. IR spectra 
(Figure 2.6a,b) were taken after MBTT/cPPA was exposed to 365 nm UV light for 180 
seconds. The acetal backbone of cPPA is distinguished by peaks 900−1100 cm-1. After 
UV exposure the peak intensity from the acetal backbone decreases while the carbonyl 
peaks corresponding to reversion to aldehyde monomer at 1700 cm-1 appear and grow, 
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indicating a depolymerization reaction to monomer. Two additional peaks not present in 
the monomer spectrum also emerged at 1766 cm-1 and 3383 cm-1 (broad) with UV 
irradiation.  We attribute these peaks to the formation of 2-carboxybenzaldehyde, whose 
IR spectrum displays a peak at 1761 cm-1 for the C=O stretch and a peak at 3332 cm-1 
for the acid –OH stretch. The presence of 2-carboxybenzaldehyde is expected because 
aromatic aldehydes readily oxidize in air. 
 
Figure 2.6 | Transient characterization of film properties under UV exposure.  FT-IR 
traces of a 2.5% MBTT/cPPA film (5 µm thick) before and after exposure to UV light 
compared to the oPA monomer. Depolymerization is confirmed by the decrease in 
intensity of the a) polymer acetal backbone peaks at 900-1100 cm-1 b) and the growth of 
the monomer carbonyl peak at 1700 cm-1. c) Storage modulus ratio (Eo = initial storage 
modulus) of 2.5% MBTT/cPPA films as a function of UV exposure time. Samples were 
irradiated continuously at the indicated intensity until failure. Solid lines represent the 
average storage modulus as degradation progresses (n=3). The dashed lines represent 
one standard deviation from the mean. 
Molecular weight experiments were performed after irradiation of a 2.5 % MBTT/cPPA 
film. The films were then dissolved in THF and tested with GPC. We observed that the 
number average molecular weight (Mn) and amount of polymer decreases significantly as 
UV exposure time increases (Figure 2.7). We also noticed that the degradation of the 
polymer film is inhomogeneous because the polydispersity index (PDI) increases from 
2.26 to 4.61 after 5 min of UV exposure and then drops again to 3.16 after 25 min of 
irradiation. We attribute this observation to the one-sided irradiation of the polymer films. 
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For a short irradiation time, one side of the film degrades more than the other, leading to 
a higher PDI, and as the UV irradiation time increases, the degradation becomes more 
homogenous and the PDI decreases. Since GPC is solution based some caution should 
be taken when considering these results since additional polymer degradation after 
dissolution can differ from the solid state scenario. 
 
 
Figure 2.7 | Mn and PDI after UV exposure.  The molecular weight was determined after 
2.5 % MBTT/cPPA films were irradiated with 1.70 mW cm-2  for 5 and 25 minutes. Bars 
represent the Mn and triangles represent the PDI. 
Given the importance of the mechanical integrity of electronic substrates, the physical 
degradation of cPPA films was assessed through transient DMA testing. We measured 
the storage modulus of MBTT/cPPA films while continuously exposed to UV to determine 
the extent and time-scale of degradation. Films containing 2.5% MBTT were tested under 
two different UV irradiances, 0.70 and 1.75 mW cm-2. The specimens were tested until 
the UV exposure caused the film to break. The loss in storage modulus during UV 
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66%) is observed prior to failure of the film. Specimens took an average of 7 min to reach 
failure when exposed to 1.70 mW cm-2 and 15 min when exposed to 0.70 mW cm-2. 
Control samples without any MBTT additive showed a 4% loss of storage modulus when 
exposed to 1.75 mW cm-2. 
It is interesting to evaluate if MBTT/cPPA films can be flash triggered and deteremine 
how much UV exposure is necessary for complete degradation of MBTT/cPPA films. It 
would be advantageous to have a system that only has to be irradiated for a short duration 
that would then proceed to undergo rapid and full degradation. MBTT/cPPA specimens 
were exposed to UV light for set time periods. We exposed a 2.5 % MBTT/cPPA film for 
5 and 15 minutes and then removed the UV light. We observed that the degradation of 
the polymer slows dramatically (Figure 2.8) and rapid degradation (<1 hr) would not be 
viable without continuous exposure. However, we have qualitatively observed that 
degradation does continue very slowly and is shown after 3 days in Figure 2.10a-f of the 
manuscript. This would be make short exposures of UV light a viable option for 





Figure 2.8 | Degradation of MBTT/cPPA with different UV exposure dose. Storage 
modulus ratio (Eo = initial storage modulus) of 2.5% MBTT/cPPA films as a function of UV 
exposure time. Samples were irradiated for 5 and 15 minutes at the indicated intensity. 
Another sample was irradiated continuously until failure. Samples were irradiated at 1.75 
mW cm-2 and had thickness of 40 µm. 
Silicon-based active devices were built on the MBTT/cPPA films to demonstrate the 
feasibility of fabricating functional transient electronic devices.  The fabrication of an array 
of n-channel metal-oxide silicon field-effect transistors (N-MOSFETs) and silicon PIN 
diodes on MBTT/cPPA substrates was achieved via a combination of a transfer-printing 
technique and electron beam (E-beam) deposition.  Since exposing films to UV triggers 
their degradation, photolithography is incompatible with device fabrication, and avoiding 
UV exposure of the MBTT/cPPA film during this process is crucial.  A silicon nano-
membrane (Si NM, ~300 nm thick) was doped and isolated onto a SOI wafer (SOITEC, 
France).  It was transfer printed onto the MBTT/cPPA film with a PDMS stamp after 
undercutting.  The gate oxide (MgO, ~80 nm thick) and metal electrodes (Mg, ~300 nm 
thick) were deposited by E-beam evaporation through high-resolution stencil masks. 
Each N-MOSFET has 30 μm × 600 μm channel length and width on MBTT/cPPA 
substrates, and presents typical on/off ratios > 105 with saturation and linear regime 
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mobilities ca. 350 cm2 V-1 s-1 (Figure 2.9a).  Each PIN diode in an array on MBTT/cPPA 
films consists of a 500 μm × 500 μm p-doped region, a 500 μm × 500 μm n-doped region, 
and a 30 μm × 500 μm i-region (Figure 2.9b).  The I-V curves show well-defined diode 
characteristics in which the current is almost negligible under 0.12 V but begins to 
increase sharply after 0.49 V.  The observed electrical properties are comparable to 
previously reported devices fabricated in a similar manner on other substrates.[4] Figure 
2.9c shows a free standing 2.5% MBTT/cPPA film with a transistor array exposed to a UV 
lamp and the physical degradation that occurs over the course of 230 min. The 
degradation of the substrate leads to the destruction of the onboard electronics. 
Triggered degradation of the electronics was demonstrated with serpentine-shaped Mg 
resistors on MBTT/cPPA substrates (Figure 2.10a). These devices were placed on a 
glass slide, attached to a two-probe Wheatstone quarter-bridge setup, and continuously 
exposed to UV light until the Mg resistors failed. Samples containing 2.5 and 5% MBTT 
were tested at three different UV irradiances, 0.20, 0.60 and 1.75 mW cm-2. To 
standardize our analysis of the rate and extent of degradation of devices we define a 
resistance increase of 100% as device failure. 
After exposure to UV, cPPA substrates begin to degrade and deform, causing the resistor 
to degrade and then fail. This deformation is sometimes observed as sharp increases in 
resistance, especially for the 2.5% specimens, where the resistance becomes noisy as it 
approaches failure (Figure 2.10g). Importantly, once the resistors fail, the UV-source was 
removed and the remaining film and Mg traces continued to erode in the presence of the 
generated acid. Figure 2.10a-c (2.5% MBTT/cPPA) and Figure 2.10d-f (5% MBTT/cPPA) 
show films before testing (left), immediately after failure (middle), and 72 h after failure 
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(right). It can be seen that the Mg traces do not physically disappear after the electronic 
functionality has been destroyed, but after 72 h the sample is almost entirely 
disintegrated. 
 
Figure 2.9 | Si active devices on MBTT/cPPA substrates and transience triggered 
by UV exposure a)  Image (left) and I-V characteristic (right) of N-MOSFET on cPPA 
with 30 μm × 600 μm channel. The mobility (linear regime) and on/off ratio are ca. 350 
cm2 V-1·s-1 and ca. 105, respectively.  b) Array of Si PIN diode consists of a 500 μm × 500 
μm p-doped region, a 500 μm × 500 μm n-doped region, and a 30 μm × 500 μm i-region 
(left), and its electrical characteristic (right). c) Degradation of a transistor array 
continuously exposed to 379 nm UV light. The acid generated from UV exposure leads 




We observed that at 1.7 mW cm-2, the MBTT concentration had little effect on the 
resistance. The resistance of both 2.5 (Figure 2.10g) and 5% (Figure 2.10h) samples 
increased at same rate and failed within 20 min. At this irradiance, both samples appear 
to generate sufficient HCl to achieve a maximum degradation rate for the Mg resistor. 
However, at the lower irradiances of 0.60 and 0.20 mW cm-2, the resistance of the 2.5% 
specimens degrades more slowly and exhibits a retardation in degradation that does not 
occur in the 5% samples. The 2.5% samples fail within 90 and 110 min for irradiances of 
0.60 and 0.20 mW cm-2 respectively, while 5% samples fail within 35 and 70 min. Control 
samples without any MBTT additive showed a 2.5 % increase in resistance at an 




Figure 2.10 | Transient behavior of serpentine Mg resistors. Physical degradation of 
a Mg resistor on (a-c) 2.5% and (d-f) 5% MBTT/cPPA substrates before exposure (a, d), 
after device failure (b,e), and 72 h after testing (c,f). The specimens were continuously 
exposed to 365 nm UV light and were removed from UV exposure after failure. The image 
at 72 h demonstrates the continuous degradation that occurs after specimens were 
triggered by UV light. Measured resistance of a Mg resistor on a (g) 2.5% and (h) 5% 
MBTT/cPPA substrate that is continuously exposed to 365 nm UV light. The increase in 
resistance varies with the irradiance of the UV light source and the concentration of MBTT 
in the substrate. i) Before and j) after images of a Mg resistor on a glass substrate 
encapsulated with MBTT/cPPA and exposed to 365 nm UV light. The LED is in series 
with the Mg resistor and dims as the resistor degrades and the resistance increases. k) 
The resistance data shows the change in resistance of a Mg resistor with a 2.5% 
MBTT/cPPA encapsulant during UV exposure (365 nm, 10 mW cm-2). 
We also observed that the HCl generated from the MBTT promoted the direct degradation 
of the Mg electrode. [24-26] This additional mechanism leads to a coupled packaging-
electronic transience in which the MBTT reaction with the Mg and the depolymerization 
of cPPA both contribute to degradation of the electronic package. To isolate the role of 
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MBTT on Mg degradation alone, a Mg resistor was fabricated on a 5% MBTT/polystyrene 
film and tested under UV exposure. The resistance initially increased at the same rate as 
the 5% MBTT/cPPA sample, but then slowed (Figure 2.11). The 5% MBTT/polystyrene 
specimen reached failure after 150 min exposure compared to the 5% MBTT/cPPA which 
achieves a similar level of degradation within 20 min. Figure 2.12 shows before and after 
images of a Mg resistor which has been exposed to UV light (365 nm, 1.70 mW cm-2). 
 
Figure 2.11 | Resistance Measurements of 5 % MBTT/cPPA and 5% 




Figure 2.12 | Mg Resistor degradation on 5 % MBTT/Polystyrene a) before and b) 
after UV exposure (365 nm, 1.70 mW cm-2) images of a Mg resistor on a 5 % 
MBTT/Polystyrene substrate. 
In addition to the application of MBTT/cPPA films as a transient substrate, we investigated 
the use of MBTT/cPPA for the encapsulation of Mg resistors. To demonstrate this feature 
a Mg resistor on a glass substrate was encapsulated with a drop casted MBTT/cPPA film 
(Figure 2.10i) and wired in series with and LED. Next, 5 volts was applied across the 
circuit and the encapsulated resistor was exposed to UV (365 nm, 10 mW cm-2). Due to 
the generation of HCl from the encapsulating film during UV exposure, the Mg protected 
by polymer packaging lost conductivity and the LED dimmed as the current in the circuit 
decreased (Figure 2.10j). Figure 2.10k shows the change in resistance for a Mg resistor 
encapsulated with 2.5% MBTT/cPPA and exposed to UV light (365 nm, 10 mW cm-2). 
The concept of selective degradation could enable the modification of future transient 
devices by partially degrading some portions of their circuits. It is also important to note 
that this methodology is not limited to Mg electrodes and is open to other acid degradable 





The materials system presented here is a toolbox for producing light-triggerable 
electronics capable of tailorable disintegration of the electronic components. cPPA is a 
metastable polymer that is readily combined with a PAG to create a photosensitive 
substrate that has a tunable degradation profile of both its physical properties and the 
onboard electronic device. We demonstrated the rapid disintegration of electronics 
fabricated on a MBTT/cPPA substrate triggered by UV irradiation. The transience time of 
the electronics was modified by changing the amount of PAG in the polymer films and the 
UV irradiance. Interestingly, physical transience continues after initial UV light exposure 
and leads to unrecognizable residue. This has important implications for clandestine 
devices that could effectively disappear or destroy their original appearance on demand. 
Partial degradation of a MBTT/cPPA encapsulated Mg resistor suggests the possibility of 
local selectivity for remapping current flow of a circuit and changing the functionality of 
electronics packages. Advances in metastable polymers for transient electronics may 
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Chapter 3: Accelerated Thermal Depolymerization of Cyclic 
Polyphthalaldehyde with a Polymeric Thermoacid Generator1 
3.1   Introduction 
When cPPA is exposed to acid, protonation results in the cleavage of the acetal 
backbone, which destabilizes the polymer and initiates an unzipping reaction along the 
polymer chain.[1–3] Stimuli-responsive acid generating moieties can be used to trigger the 
depolymerization of cPPA in response to a variety triggers. The depolymerization of cPPA 
was demonstrated with a photoacid generator and UV light in chapter 2.  
In this chapter, we investigated the incorporation of a thermoacid generator (TAG) into 
cPPA films to lower the degradation temperature and accelerate the depolymerization 
kinetics. Figure 3.1 shows our scheme for a thermally triggered transient cPPA film with 
a TAG additive. Heat activates the TAG, which in turn generates acid that catalyzes the 
cleavage of the acetal bonds in the polymer backbone. Upon cleavage of the acetal bond, 
the polymer backbone unzips into the o-phthalaldehyde (oPA) monomer. At sufficiently 
high temperatures (>85 °C) the oPA monomer will evaporate, leaving < 2 wt% residue 
                                            
1 OPL synthesized the thermoacid generator poly(vinyl t-butyl carbonate sulfone) that was 
used in the study. CMP also synthesized PVtBCS as needed and performed the time 




after thermal triggering. The activation temperature of the TAG is critical because it 
defines the triggering temperature for initiating the destabilization and depolymerization 
of cPPA. Here, we report the acid generating properties of poly(vinyl t-butyl carbonate 
sulfone) (PVtBCS) and the manufacture of transient polymeric films with lower activation 
temperatures and faster degradation kinetics than those of neat cPPA and other polymers 
reported to date. 
 
Figure 3.1. Thermally triggered acid catalyzed cPPA depolymerization (a) 
Thermoacid generator is blended and dispersed in cPPA film. (b) Heating of the film 
produces acid which subsequently protonates the backbone oxygen in cPPA and cleaves 
the acetal (acid-sensitive) bonds, ultimately producing oPA monomer. (c) Acid catalyzed 
depolymerization reaction of cPPA. 




Unless otherwise stated, all starting materials were obtained from commercial suppliers 
and used without further purification. o-Phthalaldehyde (98%, Alfa-Aesar) was purified 
according to a literature procedure.[4] cPPA polymerizations were performed in oven dried 
glassware under Ar atmosphere. PVtBCS polymerizations were performed in oven dried 
glassware under N2 atmosphere. 
3.2.2 Synthetic Procedures for cPPA and PVtBCS  
 
Scheme 3.1. cPPA synthesis 
Cyclic poly(phthalaldehyde) (cPPA) was prepared according to a literature procedure.[5]  
oPA (12.00 g, 89.5 mmol) was weighed into a Schlenk flask and dissolved in 
dichloromethane (96 mL). The solution was cooled to -78 °C and boron trifluoride diethyl 
etherate was added (0.24 mL, 1.9 mmol). The reaction was stirred at -78 °C for 2 h, then 
pyridine (0.20 mL, 2.5 mmol) was added. The mixture was stirred for 2 h at -78 °C, then 
brought to room temperature and the polymer precipitated by pouring into methanol (1.5 
L). The white, fibrous product was collected by filtration, then further purified by dissolving 
in dichloromethane, re-precipitating from methanol, and washing in diethyl ether. The oPA 
monomer concentration ([M]0), boron trifluoride etherate initiator concentration ([I]0), 
molecular weight, and PDI are shown in Table 3.1. 
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Table 3.1 | PPA batches used in this study. 







0.93 46/1 84.8 120 197 1.64 
aAverage molecular weights and polydispersity determined by gel permeation 
chromatography (GPC), calibrated with monodisperse polystyrene standards. 
The polymerization of PVtBCS was performed according to literature procedure as 
follows.[6] 
 
Scheme 3.2. Monomer synthesis 
The monomer vinyl tert-butyl carbonate was synthesized, as detailed in Scheme 3.2. 
Monomer synthesis, by the following procedure. First, tert-Butanol (1.1 equiv., 54.19 
mmol, 5.2 mL, 4.02 g), vinyl chloroformate (1 equiv., 49.26 mmol, 4.5 mL, 5.25 g) and 
DCM (25 mL) to a 50-mL 3-neck flask, and the solution was cooled to 0 °C on an ice bath.  
Anhydrous pyridine (1.1 equiv., 54.19 mmol, 4.4 mL, 4.29 g) was then added to the 
reaction mixture drop-wise over 15 min at 0 °C, and white precipitates formed as the 
addition proceeded.  Upon complete addition, the reaction mixture was stirred at 0 °C for 
20 min before it was warmed to room temperature.  After 3 h, diethyl ether was added to 
the reaction mixture, and the organic layer was washed with 1 M HCl solution ×3 and 
distilled water ×2.  The organic extract was dried over MgSO4 and filtered, followed by 
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removal of all volatiles via rotary evaporation (room temperature bath).  The crude mixture 
was purified by vacuum distillation over a short path at 47–48 °C/45 mmHg.  Triple 
distillation affords analytically pure product as colorless oil (4.81 g; 68 % yield).  The 
monomer was then deoxygenated by freeze-pump-thaw ×4 and stored in a Schlenk tube 
at –20 °C in the dark.  All polymerization reactions should be performed within 1 week 
from purification as the monomer degrades over time; after 1 week, the monomer needs 
to be distilled again prior to use. 
1H NMR (400 MHz, CDCl3, δ): 7.05 (dd, J = 13.9, 6.2 Hz, 1H), 4.85 (dd, J = 13.9, 1.8 Hz, 
1H), 4.50 (dd, J = 6.3, 1.8 Hz, 1H), 1.50 (d, J = 0.8 Hz, 9H).  13C (100 MHz, CDCl3, δ): 
150.87, 142.50, 97.03, 83.48, 27.72.  b.p. = 47–48 °C/45 mmHg.  Anal. calcd for C7H12O3: 
C, 58.32; H, 8.39; found: C, 58.11; H, 8.36.   
 
Scheme 3.3. Synthesis of poly(vinyl tert-butyl carbonate sulfone) 
Polymerization was carried out, as detailed in Scheme 3.3. Synthesis of poly(vinyl tert-
butyl carbonate sulfone), with vinyl tert-butyl carbonate (1.0 equiv., 5.57 mmol, 802.8 mg), 
sulfur dioxide (40 equiv., 223 mmol, 9.8 mL, 14.3 g), and tBuOOH (2.5 mol% at 5.5 M, 
0.14 mmol, 25 μL), and PVtBCS was obtained as a white solid (906.5 mg, 78 %). Vinyl 
tert-butyl carbonate (1.0 equiv.) was added to a 50-mL 3-neck flask equipped with a cold 
finger under nitrogen atmosphere, and the flask was cooled in an acetone/dry ice bath.  
Separately, sulfur dioxide (40 equiv.) was condensed at –78 °C into a 25-mL, 3-neck 
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graduated cylinder and subsequently added to the 50-mL flask via the cold finger, cooling 
at –78 °C.  Upon complete transfer of sulfur dioxide (m.p. = –72 °C), the reaction flask 
was temporarily removed from the cooling bath to allow for mixing of the two reagents.  
As soon as all sulfur dioxide was melted and the reaction mixture appeared 
homogeneous, the flask back was placed back into the –78 °C cooling bath and let 
equilibrate for 5 min.  The initiator tert-butyl hydroperoxide (2.5 mol%) was then added to 
the monomer solution via syringe in one portion.  The reaction mixture turned slightly 
cloudy immediately and usually solidified within 30 min of initiator addition.  After keeping 
it cold at –78 °C for 3 h, the polymer was pulled from the reaction flask with a pair of 
tweezers, and the pieces were dropped directly into HPLC-grade methanol cooled at 0 
°C.  As the bubbling subsided, the supernatant was decanted, and the white polymer was 
dissolved in chloroform.  The polymer was purified by precipitation of the chloroform 
solution into HPLC-grade methanol at 0 °C, followed by decanting of the supernatant.  
Removal of all solvents under high vacuum (25 mTorr) over 4 h afforded the polymer as 
a white solid, which was immediately stored at –20 °C.  
1H NMR (500 MHz, CDCl3, δ): 6.51 – 5.99 (m, 1H), 4.07 – 3.63 (m, 2H), 1.52 (b, 9H).  13C 
(125 MHz, CDCl3, δ): 150.82, 150.75, 150.67, 150.60, 87.30, 87.15, 86.96, 86.83, 83.36, 
82.34, 82.22, 81.67, 49.01, 48.76, 27.62, 27.60, 27.57, 27.40.  Anal. calcd for C7H12O5S 
C, 40.38; H, 5.81; S, 15.40; found: C, 40.04; H, 5.73; S, 16.54.  GPC analysis (THF): Mn 
= 108 kDa; Mw = 325 kDa; PDI = 3.0. 
3.2.3 Gel Permeation Chromatography 
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Analytical gel permeation chromatography (GPC) experiments were performed on a 
system composed of a Waters 1515 HPLC pump, a Waters 2707 autosampler, a series 
of four Waters HR Styragel columns (HR1, HR3, HR4, and HR5), and a Waters 2414 
refractive index detector, in HPLC grade THF (flow rate = 1 mL/min) at 25 °C. The GPC 
was calibrated using a series of monodisperse polystyrene standards. 
3.2.4 Raman Spectroscopy 
Raman spectroscopy was performed on a Horiba LabRAM HR with an 830 nm laser 
source with an acquisition time of 30 s. 
3.3  Results and Discussion 
PVtBCS was polymerized as reported in literature.[6] It has been thermally degraded at 
temperatures as low as 75 °C into volatile byproducts via the general reaction scheme 
shown in Figure 3.2a.[6] PVtBCS was previously used as a photoresist and a transient 
packaging material,[6,7] although its use as a thermoacid generator has not been reported. 
While PVtBCS is insoluble in water, it was discovered that heating PVtBCS for 1 h at 90 
°C resulted in products that dissolved readily in water. The pH of the PVtBCS and DI 
water solutions was measured after being heated at 90 °C for 1 h at three concentrations 
of PVtBCS (0.3, 2.1, and 20.4 mg/mL) (Figure 3.2b). The pH of the solutions dropped by 
1 pH for each 10x increase of PVtBCS concentration. No pH change was detected after 
1 h for control solutions that were not heated. PVtBCS is an excellent TAG for initiating 
the depolymerization of cPPA because it has a low thermal degradation temperature, 





Figure 3.2. Thermoacid generation with PVtBCS. (a) Degradation reaction for PVtBCS 
upon heating produces several volatile byproducts, including sulfur dioxide (SO2) which 
reacts with water to produce acid. (b) Solution pH of PVtBCS in DI water (0.3 – 20.4 
mg/mL) after exposure to 90 oC for 1 h. 
cPPA was synthesized by cationic polymerization as described in literature with Mn = 120 
kDa and PDI = 1.64.[5,8] Blended PVtBCS/cPPA films were solvent cast from solution by 
first dissolving cPPA in chloroform and then adding 0.5 – 2.0 wt% PVtBCS. After the 
PVtBCS dissolved, the solution was poured into a polytetrafluoroethylene (PTFE) mold. 
Free standing PVtBCS/cPPA polymer films of ca. 40 µm thicknesses were obtained after 




Figure 3.3. Results of thermogravimetric analysis. (a) Isothermal experimental results 
for neat cPPA at 90, 92.5 and 95 °C. (b) 85 °C isothermal experimental results for all 
materials tested. (Note: Isothermal results are the average response for three replicates) 
(c) Dynamic TGA scans at 5 °C/min for all materials tested. 
The thermal degradation of cPPA, PVtBCS, and PVtBCS/cPPA blends was evaluated by 
thermogravimetric analysis (TGA). Figure 3.3a shows the results for isothermal TGA 
experiments on neat cPPA films. In all cases the thermal degradation of cPPA results in 
the formation of volatile oPA. Interestingly, oPA evaporates readily at temperatures > 75 
°C (Figure 3.5) despite its high boiling temperature of 266 °C and low vapor pressure of 
0.0052 mmHg. Isothermal TGA experiments for temperatures ranging from 55 – 105 °C 
confirmed the volatility of the oPA monomer at moderate temperatures. Without the TAG 
additive, the evaporation of cPPA takes 72 min at 95 °C and 175 min at 90 °C. At 85 °C 
(Figure 3.3b), neat cPPA lost 6% mass within 90 min while in great contrast, the films of 
PVtBCS/cPPA fully evaporated within that period. An increase in the concentration of 
PVtBCS resulted in more rapid film degradation and evaporation. An image showing the 
depolymerization of a 2 wt% PVtBCS/cPPA is shown in Figure 3.4, where evaporation of 





Figure 3.4. Thermal depolymerization of 2 wt% PVtBCS/cPPA at 100 °C. 
 
Figure 3.5. Isothermal TGA results for o-phthalaldehyde. 
A series of dynamic TGA experiments were performed at 5 °C/min to measure the 
degradation onset temperature, which was calculated from the intersection of the tangent 
lines fit to the data before and after the degradation onset (Figure 3.3c). Neat cPPA had 
the highest degradation onset temperature at 110 °C, PVtBCS has the lowest at 85 °C, 


























and the blended films have degradation onset temperatures between these two 
temperatures. An increase in amount of PVtBCS reduced the degradation onset 
temperature from 94 °C (0.5 wt%), to 92 °C (1.0 wt%), and finally 88 °C (2.0 wt%). In all 
TGA experiments (both isothermal and dynamic) for the PVtBCS/cPPA blends, the 
residual mass of the polymer films was less than 2 wt% (Table 3.2).  
Table 3.2 | Residual mass after thermal depolymerization of cPPA and 
PVtBCS/cPPA blends 
PVtBCS Loading 
Ramp Residual Mass % 
(5 °C/min, T = 35-190 °C) 
Iso Residual 
Mass % 
(85 °C, 85 min) 
0 wt % 0.5% 94.3 % 
0.5 wt % 0.7% 1.8% 
1.0 wt % 1.0% 1.6% 
2.0 wt % 1.5% 1.9% 
The molecular weight of neat cPPA, PVtBCS/cPPA blends, and neat PVtBCS films was 
measured with gel permeation chromatography (GPC) after heating at 85 °C for 15, 30, 
and 60 min. After heating for the requisite time, the films were dissolved in THF and 
analyzed by GPC. Figure 3.6a shows the normalized integrated peak areas of the 
polymer elution peaks for each specimen after heating for the indicated time, which are 
proportional to the amount of polymer remaining for each specimen. The rate of loss of 
polymer as heating progresses is highly dependent on the concentration of PVtBCS. 
While 90% of the neat cPPA remained after 30 min at 85 °C, 0% of the 2 wt% 
PVtBCS/cPPA remained under the same conditions.  Additionally, only minor shifts in the 
peak retention time accompanied the overall reduction in peak area, suggesting a 
decrease in polymer concentration with only a slight decrease in molecular weight (Figure 
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3.6b).  These results support the hypothesized mechanism of rapid cPPA unzipping upon 
backbone protonation.  
 
Figure 3.6. Chemical analysis of acid catalyzed cPPA depolymerization. (a) 
Normalized GPC peak area vs. time under isothermal conditions at 85 °C. Peak areas 
are normalized by the area of the polymer peak before heating. (b) GPC elution curves 
for 1 wt% PVtBCS/cPPA under isothermal conditions at 85 °C. (Note: GPC results for 
other materials can be found in Figure S2 – S5.) (c) Raman spectra of the condensed 
evaporative products from the depolymerization of 2 wt% PVtBCS/cPPA at 85 °C for 15 
min. The condensate shows a clear signature of oPA product. (d) Time evolution of oPA 
characteristic Raman peak (813 cm-1) for monitoring the onset and completion of 
depolymerization of 2 wt% PVtBCS/cPPA at 85 °C.   
Analysis of the molecular weight degradation reveals a significant disparity in transience 
time between GPC and TGA measurements. It is quite evident, by GPC, that the 
depolymerization rates of PVtBCS/cPPA films are highly dependent on the wt% of 




















































































the depolymerization of 0.5 wt% PVtBCS/cPPA films takes over 30 min. However, only 
minor differences were observed between the degradation rates of different PVtBCS 
concentrations by TGA. This data suggest that TGA measurements are dominated by 
oPA evaporation after PVtBCS/cPPA depolymerization and not representative of the 
depolymerization reaction itself. For transience applications, both methods provide 
valuable information. The measurement of evaporative rate (TGA) provides a more 
accurate measure of the time required for the polymer to vanish. Conversely, measuring 
the molecular weight (GPC) provides a better measure of how long the material retains 
its polymer character and mechanical integrity.  
The mechanical integrity of 2 wt% PVtBCS/cPPA films was evaluated by dynamic 
mechanical analysis. The temperature was ramped from 35 °C to 85 °C at 10 °C/min and 
then held constant at 85 °C until specimen failure. The normalized storage and loss 
moduli for neat cPPA (control) and 2 wt% PVtBCS/cPPA are shown in Figure 3.7. Results 
for both specimens showed a steady decrease in storage modulus and increase in loss 
modulus as the temperature was elevated to 85 °C. After reaching 85 °C, the control film 
had a stable response for 55 minutes before failure occurred due to crack formation. The 
slight increase in modulus over time at 85 °C and the brittle failure from crack formation 
is attributed to the loss of plasticizing solvent and not thermal depolymerization. In stark 
contrast, the 2 wt% PVtBCS/cPPA film lost all mechanical response within 1.5 min at 85 
°C, and a yellow residue, characteristic of oPA, was recovered at the end of the 
experiment. The experimental results confirm that the rapid depolymerization of 2 wt% 
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PVtBCS/cPPA results in an extremely rapid loss of mechanical properties, consistent with 
the GPC results and observed loss of all high molecular weight polymer within 15 min.  
 
Figure 3.7. Representative dynamic temperature ramp DMA results for neat cPPA 
and 2 wt% PVtBCS/cPPA films. Closed symbols are the storage modulus and open 
symbols are the loss modulus. Solid line is temperature profile for the experiment. End 
point of each trace is the time of failure by depolymerization (2 wt% PVtBCS/cPPA film) 
or tearing (cPPA). 
The 2 wt% PVtBCS/cPPA blended film and its degradation products were characterized 
by Raman spectroscopy (Figure 3.6c). The Raman spectrum of the volatile products is 
characteristic of oPA, confirming the depolymerization of cPPA into gaseous oPA.  This 
is consistent with several prior reports of cPPA depolymerizing to oPA in quantitative 
yields.[5,8–12] No significant differences were detected between the Raman spectra of 
cPPA and PVtBCS/cPPA films, likely due to the low concentration of PVtBCS in the film. 
More importantly, the addition of the PVtBCS did not depolymerize cPPA before heating 
as confirmed by the absence of oPA peaks. Characterization of the non-volatile residual 
products was unsuccessful due to the presence of background fluorescence and an 









































absence of diagnostic peaks (Figure 3.8). It may be possible that the depolymerization 
products from PVtBCS are reacting with the oPA to form fluorescent and nonvolatile 
byproducts.[13] 
 
Figure 3.8. Raman spectrum of nonvolatile residual byproducts from 
depolymerization of PVtBCS/cPPA. 
Raman spectroscopy was performed at 85 °C on a continuous basis to detect the onset 
of depolymerization for 2 wt% PVtBCS/cPPA blended films. The onset of 
depolymerization was detected by the appearance of the oPA Raman peak at 813 cm-1. 
The peak was monitored to track the formation of oPA from the depolymerization of cPPA 
until complete evaporation of oPA (Figure 3.6d).  The onset of depolymerization occurred 
rapidly (ca. 8 min) at 85 °C and evaporation was complete by 12 min.  
3.4  Conclusions 
A thermally depolymerizable polymer blend made from the thermoacid generator PVtBCS 
and cPPA was developed. PVtBCS depolymerizes when heated at 85 °C to form acidic 
and volatile byproducts. PVtBCS was blended with cPPA, an acid sensitive polymer with 




a low ceiling temperature (-42 °C), at 0.5, 1.0, and 2.0 wt%. PVtBCS/cPPA films 
depolymerize into products that evaporate within 80 min at 85 °C leaving < 2 wt% of 
residue. An increase in the thermoacid generator concentration greatly increased the rate 
of depolymerization for the PVtBCS/cPPA blended films. Molecular weight 
measurements reveal that an increase in the thermoacid generator concentration greatly 
increases the rate of depolymerization for the PVtBCS/cPPA blended films with full 
depolymerization of 2 wt% PVtBCS/cPPA films within 15 min. Dynamic mechanical 
analysis confirms that all mechanical integrity for 2 wt% PVtBCS/cPPA films is rapidly lost 
at 85 °C. 
3.5 Elution Curves for Samples Tested 
 
Figure 3.9. Elution curves for the depolymerization of PVtBCS over time at 85 °C. 




















Figure 3.10. Elution curves for the depolymerization of cPPA over time at 85 °C. 
 
Figure 3.11. Elution curves for the depolymerization of 0.5 wt% PVtBCS/cPPA over 
time at 85 °C. 





































Figure 3.12. Elution curves for the depolymerization of 2.0 wt% PVtBCS/cPPA over 
time at 85 °C. 
  




















[1] M. Tsuda, M. Hata, R. Nishida, S. Oikawa, J. Polym. Sci. Part A Polym. Chem. 
1997, 35, 77. 
[2] H. Ito, W. P. England, M. Ueda, J. Photopolym. Sci. Technol. 1990, 3, 219. 
[3] H. Ito, C. G. Willson, Polym. Eng. Sci. 1983, 23, 1012. 
[4] A. M. DiLauro, J. S. Robbins, S. T. Phillips, Macromolecules 2013, 46, 2963. 
[5] J. A. Kaitz, C. E. Diesendruck, J. S. Moore, J. Am. Chem. Soc. 2013, 135, 12755. 
[6] O. P. Lee, H. Lopez Hernandez, J. S. Moore, ACS Macro Lett. 2015, 4, 665. 
[7] Y. Jiang, J. M. J. Frechet, Macromolecules 1991, 24, 3528. 
[8] H. Lopez Hernandez, S.-K. Kang, O. P. Lee, S.-W. Hwang, J. A. Kaitz, B. Inci, C. 
W. Park, S. Chung, N. R. Sottos, J. S. Moore, J. A. Rogers, S. R. White, Adv. Mater. 
2014, 26, 7637. 
[9] C. E. Diesendruck, G. I. Peterson, H. J. Kulik, J. A. Kaitz, B. D. Mar, P. A. May, S. 
R. White, T. J. Martinez, A. J. Boydston, J. S. Moore, Nat. Chem. 2014, 6, 623. 
[10] S. Köstler, Polym. Int. 2012, 61, 1221. 
[11] C. Aso, S. Tagami, T. Kunitake, J. Polym. Sci. Part A-1 Polym. Chem. 1969, 7, 497. 
[12] C. W. Park, S.-K. Kang, H. Lopez Hernandez, J. A. Kaitz, D. S. Wie, J. Shin, O. P. 








Chapter 4: Processing Dependent Mechanical Properties of Solvent 
Cast Cyclic Polyphthalaldehyde1 
4.1 Introduction 
In the literature, cPPA has been used in applications that leverage a triggerable 
depolymerization event to achieve a functional goal.[1–5] These applications rely on the 
transformation of the chemical and physical properties of cPPA as it depolymerizes into 
oPA. For example, in microcapsules, the depolymerization of cPPA compromises the 
stability of the shell wall, releasing the microcapsule contents.[3,6] In transient electronics, 
the physical transformation of the cPPA substrate leads to the physical destruction of the 
onboard electronics.[7,4] In general, triggered depolymerization may enable new 
developments in applications where a transformation of chemical or physical properties 
is needed.[8] There is a clear path for the utilization of cPPA to manufacture destructible 
                                            
1 I would like to thank undergraduate research assistants Satoshi K. Takekuma, Edgar B. 
Mejia, and Christopher L. Plantz for their contributions to the research presented in this 
chapter. CLP helped me with much of the polymer synthesis needed for this work, 
including the scale up of the polymerization from 4 g to 32 g. SKT contributed significantly 
to the characterization of the thermomechanical properties of cPPA. EBM helped develop 
improved methods of solvent casting, prepared test specimens for tensile testing, and 




and structural plastic parts that can be depolymerized and destroyed on demand. 
However, more information is needed about the processability and mechanical properties 
of cPPA before it can be considered for design of a structural and transient plastic part. 
Neat cPPA is a glassy polymer at room temperature that remains glassy until it begins to 
degrade. Figure 3.3a shows isothermal TGAs for cPPA at 90, 92.5, and 95 °C showing 
the degradation of cPPA at elevated temperatures and Figure 4.1 shows differential 
scanning calorimetry results from 35 °C up to 95 °C, which reveals that there is no thermal 
transition before cPPA begins to degrade. For these reasons, conventional processing 
techniques that rely on heating polymers until they soften significantly or melt, such as 
injection molding, are not viable approaches for processing neat cPPA.[9,10] 
 
Figure 4.1. Differential Scanning Calorimetry of neat cPPA 
Solvent based processing methods are the only available routes for processing neat 
cPPA into a functional shape or form without a high risk of initiating its depolymerization. 
While solvent casting has been demonstrated to fabricate free standing films, there has 
been little work on investigating the mechanical properties of cPPA. If the applications of 






















cPPA are to expand, the mechanical properties such as the modulus, failure strength, 
and failure strain must be determined. In addition, the effect of the processing conditions 
on the mechanical properties of cPPA need to be understood. 
In this work, we report a processing procedure for manufacturing free-standing cPPA films 
and measure the resulting mechanical properties of those films. We demonstrate how 
processing parameters, film thickness, and aging conditions alter the resulting 
mechanical performance of cPPA films. The process outlined in this paper enables the 
handling and manufacture of free-standing polymer films without initiating the 
depolymerization of the cPPA. Dynamic mechanic analysis experiments were carried out 
to measure thermomechanical properties, including the glass transition temperature. 
Tensile testing of film specimens provides bulk mechanical properties including stiffness, 
strength, and failure strain.  
4.2 Experimental Methods 
4.2.1 Materials 
The monomer, o-Phthalaldehyde, (98%, Alfa-Aesar) was purified by recrystallization 
according to a literature procedure [11]. Anhydrous dichloromethane (DCM) and boron 
trifluoride diethyl etherate was purchased from Sigma Aldrich and used as received. 
Anhydrous pyridine (99.5%) was purchased from Alfa-Aesar and used as received. 1, 4-
dioxane, CHCl3, and DCM used for solvent casting were purchased from Sigma Aldrich 
and used as received. 
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4.2.2 Synthesis of Cyclic Poly(phthalaldehyde) 
Cyclic poly(phthalaldehyde) (cPPA) was prepared according to a literature procedure [9]. 
oPA (12.00 g, 89.5 mmol) was weighed into a Schlenk flask and dissolved in DCM (96 
mL). The solution was cooled to -78 °C and boron trifluoride diethyl etherate was added 
(0.24 mL, 1.9 mmol). The reaction was stirred at -78 °C for 2 h, after which pyridine (0.20 
mL, 2.5 mmol) was added. The mixture was stirred for 2 h at -78 °C, then brought to room 
temperature, and the polymer was precipitated by pouring into methanol (1.5 L). The 
white, fibrous product was collected by filtration, then further purified by dissolving in 
dichloromethane, re-precipitating from methanol, and washing in diethyl ether. The 
polymerization was successfully scaled to 32 g of oPA with an 87% yield. The number 
average molecular weights used in this study ranged from 76 kDa to 105 kDa with a 
polydispersity index between 1.6 and 1.8. 
4.2.3 Dynamic Mechanical Analysis (DMA) 
DMA testing was carried out on a TA instruments RSA III. Experiments were conducted 
under a dynamic temperature ramp at 5 °C/min from 35 °C to the temperature at which 
the specimens failed. Experiments were performed at 1 Hz with a strain amplitude of 
0.1%. cPPA specimens measured 20 mm long, 5 mm wide, and a thickness between 88 




4.2.4 Differential Scanning Calorimetry (DSC) 
DSC was performed on a TA instruments Q20 differential scanning calorimeter. 
Experiments were performed from 30 – 115 °C at 10 °C/min for 3 cycles of heating and 
cooling. The glass transition temperature was defined by the inflection point in the heat 
flow vs. temperature trace.  
4.2.5 Gel Permeation Chromatography (GPC) 
GPC experiments were performed on a system composed of a Waters 1515 HPLC pump, 
a Waters 2707 autosampler, a series of four Waters HR Styragel columns (HR1, HR3, 
HR4, and HR5), and a Waters 2414 refractive index detector, in HPLC grade THF (flow 
rate = 1 mL/min) at 25 °C. The GPC was calibrated using a series of monodisperse 
polystyrene standards. 
4.2.6 Tensile Testing 
Quasi-static tensile testing was performed on a custom-built bidirectional screw driven 
load-frame. Tensile specimens measured 50 mm long x 5 mm wide x 250 – 400 µm in 
thickness. Specimens were tested under displacement control at 50 µm/s until failure with 
a 30 mm gauge length. The strain was measured with a virtual extensometer and the load 
was measured with a 222 N capacity load cell.  
4.3 Results and Discussion 
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4.3.1 Processing and Mechanical Specimen Fabrication 
Tape casting, solvent casting, and electrospinning are common solvent based processing 
methods for polymers when conventional thermal processing methods cannot be used. 
For this work solvent and tape casting was used to create free-standing polymer films for 
mechanical testing. Preliminary results via solvent casting suggested that cPPA films 
retained solvent, which could serve as a plasticizer that depresses the glass transition 
temperature (Tg), decreases the elastic modulus and strength, while increasing the failure 
strain [12]. We hypothesize that the volatility of the solvent directly influences the residual 
solvent concentration in the polymer film. As such, three solvents were selected for this 
study over a range of boiling points from dichloromethane (bp 40 °C), to chloroform (bp 
61 °C), and finally dioxane (bp 101 °C).  
A standard processing procedure (Figure 4.2) was developed to cast cPPA films. First, 
cPPA was dissolved in one of the three solvents, and then the polymer solutions were 
solvent cast or tape cast to create free-standing polymer films. Solvent cast films were 
prepared by pouring the polymer solution into a polytetrafluoroethylene (PTFE) mold and 
then drying (48 h, RT, 760 Torr) in a semi-closed environment with an additional 6 mL of 
solvent to slow the evaporation rate of the polymer solution and prevent the formation of 
a polymer skin layer. The PTFE mold was 50 mm in diameter and allowed for the 
fabrication of multiple 20 x 5 mm specimens for dynamic mechanical analysis (DMA) 
testing. The thickness of the polymer film was controlled by adjusting the mass of polymer 
in the solvent solution. However, we found that the thickest film reliably produced was 
between 300 – 400 µm. At thicknesses greater than this limit, the polymer films exhibited 
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a condensed skin layer that inhibited the evaporation of the solvent from the polymer 
solution in the mold. As the thickness of the cast films was increased from 40 µm to 400 
µm, the solvent became more difficult to extract and greater amounts of residual solvent 
remained in the polymer. At thicknesses much greater than 400 µm, large solvent pockets 
formed under the polymer skin layer, leading to highly variable thickness and the 
presence of defects such as voids. 
Tape cast films were produced by uniformly spreading a polymer solution on an ultra-high 
molecular weight polyethylene (UHMWPE) substrate with a doctor blade. As before, the 
solvent was evaporated in a semi-closed environment (48 h, RT, 760 Torr) with additional 
solvent included to slow the evaporation of the polymer solution and prevent the formation 
of a condensed skin layer. Tape casting on UHMWPE was favorable over PTFE to 
produce 50mm long films. Films with thickness of ~200um casted using PTFE molds 
exhibited very large thickness variations (>10%) and were unsuitable for accurate 




Figure 4.2. Processing flowchart for the manufacture of cPPA films and mechanical test 
specimens 
 
After 48 h at room temperature, the free-standing films were further dried for 24 h (RT, 
0.3 mTorr) to remove as much residual solvent as possible. The films often curled and 
deformed because of the residual stresses generated by the solvent casting and drying 
processes. The films were annealed near their Tg to remove any residual stresses and 




Solvent or Tape Casting
Drying1,2 of Film
148 h, RT, 760 Torr
224 h, RT, 0.30 mTorr
Annealing of Film
T ≈ Tg for 25 min




cast from DCM were annealed at 90 °C, in all cases, for 25 min under a flat compaction 
pressure of 2.2 kPa. After annealing, DMA and tensile testing specimens were cut from 
the films using a laser cutter under computer control to the appropriate specimen size.  
4.3.2 Film Characterization 
Since cPPA is a metastable polymer we examined the effect of the standard processing 
method on cPPA molecular weight. The molecular weight of the cPPA films after each 
processing stage: casting, drying, annealing, and laser cutting was measured by GPC 
(Figure 4.3). Only minor decreases in molecular weight were measured after drying (6%), 
annealing (2%), and laser cutting (2%).  
 
Figure 4.3. Molecular weight of cPPA (as measured by GPC) after each processing step. 



















The residual solvent concentration was measured by halide analysis for CHCl3 and DCM 
cast films and by 1H NMR for dioxane cast cPPA films since it does not have a halide. 
The cPPA films cast from dioxane, CHCl3, and DCM had 41 wt%, 18 wt%, and 9 wt% 
residual solvent. These results confirm the hypothesis that residual solvent concentration 
increases as the solvent volatility decreases (i.e. as solvent bp increases). We 
investigated how residual solvent in cPPA films impacts the Tg, ultimate tensile strength, 
failure strain, elastic modulus, and failure mode(s). 
4.3.3 Mechanical Characterization 
The viscoelastic behavior of cPPA and its dependence on several processing variables 
was investigated by DMA testing. It is well known that plasticization caused by, for 
example, residual solvent, can have a profound impact on viscoelastic response [12]. As 
such, any processing parameter that affects residual solvent content should also affect 
the mechanical performance of the cPPA films. We examined several of these including 




Figure 4.4. Dynamic mechanical analysis test results of cPPA films. Closed symbols (⬛) 
are the storage modulus (E’). Open symbols (□) are the loss modulus (E”). (a) 
Viscoelastic response for cPPA films cast from dioxane, CHCl3, and DCM. (b) Viscoelastic 
response for cPPA films of varying thickness (cast from CHCl3). Curves shown are the 
average response of three tests. 
cPPA films with thicknesses ranging from 170 – 200 µm were cast from dioxane, CHCl3, 
and DCM. DMA temperature profiles of films are shown in Figure 4.4a. In all cases the 
character of the response was similar: temperature insensitive and high storage modulus 
at low temperature followed by a large drop of two orders of magnitude through the glass 
transition. The peak in loss modulus was used to extract the glass transition temperature 
(Table 4.1) which correlates directly with residual solvent content.  
Table 4.1 | cPPA film properties when cast from dioxane, CHCl3, and DCM. 
 
a
 RSC: Residual solvent concentration 
 
The Tg results from DMA experiments are consistent with the results from DSC 
experiments. The glass transition temperature measured by DSC was defined by the 










































Dioxane 101 194 64.0 67.1 41
CHCl3 61.2 165 71.3 73.8 18
DCM 39.6 164 95.0 - 9
77 
 
inflection point in the heat flow vs. temperature trace (Figure 4.5). The glass transition 
temperature was observed in samples cast from dioxane at 67 °C and CHCl3 at 74 °C. 
No discernible and repeatable glass transition temperature was observed for DCM cast 
films before degradation onset was observed at temperatures reaching 115 °C. As 
expected, the Tg of the cPPA films was depressed in films with greater residual solvent 
concentration. The first DSC heating cycle for CHCl3 films sometimes showed a smaller 
glass transition temperature, so samples were cycled 3 times for an accurate 
measurement. 
 
Figure 4.5. Differential scanning calorimetry heating cycles of cPPA films cast from 
dioxane, CHCl3, and DCM. 
The experimental observations of a decrease in storage modulus and an increase in loss 
modulus with temperature could be due to degradation or to the glass transition. Polymer 
specimens were tested twice in succession by DMA and an identical Tg was measured 
(Figure 4.6), confirming that no substantial degradation of cPPA occurs during DMA 
testing. 


















Figure 4.6. Dynamic Mechanical Analysis of cPPA. Closed symbols (⬛) are the storage 
modulus (E’). Open symbols (□) are the loss modulus (E”). The same specimen was 
tested in succession to demonstrate that the glass transition temperature measurement 
is repeatable. 
In addition to measuring the effect of solvent on the glass transition temperature, the 
effect of thickness on the glass transition temperature was investigated for films cast from 
CHCl3. Films with a thickness of 88 µm, 165 µm, and 317 µm were tested (Figure 4.4b) 
and the measured Tg scaled inversely with film thickness, consistent with an increase in 
RSC as the thickness increases. These results support our observation of a skin layer 
forming during the solvent casting process. The skin layer that forms inhibits the free 
evaporation of solvent from the surface and serves as a diffusional barrier to the solvent 
that remains in the mold, greatly slowing the removal of the solvent from within the film. 
As the films get progressively thicker, they retain higher amounts of solvent when they 
equilibrate during the drying process [13,14]. 



















Figure 4.7. Glass transition temperature of cPPA when aged at -4 °C and 22 °C. 
The aging of cPPA at room temperature (22 °C) and standard freezer (-4 °C) conditions 
was evaluated by monitoring the glass transition temperature over a 4-month period by 
DMA (Figure 4.7). The cPPA films stored at -4 °C showed no visual change in appearance 
over the entire aging period and the Tg remained stable. In contrast, the films stored at 
22 °C began to show signs of micron sized pore formation and other defects as the 
months progressed. The Tg of these films increased from 76 °C to 90 °C within 2 months, 
consistent with a steady decrease in residual solvent concentration. It is highly likely that 
the mechanical properties of cPPA are also adversely affected when the polymer is stored 
at room temperature for long periods of time, but these tests were not completed in this 
study. We conclude that cPPA can be stored in a standard freezer (-4 °C) to prevent loss 
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Figure 4.8. The effect of drying time under high vacuum (0.3 mTorr) on Tg of CHCl3 cast 
films. 
The effect of high vacuum drying on the viscoelastic behavior of CHCl3 cast cPPA films 
was also investigated by DMA. As the drying time was extended, films began to show 
signs of cracking and curling consistent with solvent removal and decreased 
plasticization. The Tg of the films after 2, 4, 8, and 16 days of drying is plotted in Figure 
4.8. The Tg progressively increased as the drying time was increased, also supporting the 
removal of residual solvent with time. Importantly, progressive cracking and film failure as 
drying time increased suggests that the residual solvent and the plasticization it provides 
may be beneficial for processing high quality films by solvent or tape casting. In practice, 
it would be beneficial to incorporate a plasticizer that remains stable (at room 
temperature) such that the mechanical properties of cPPA are consistent and stable over 
time at room temperature.  















Figure 4.9. Tensile testing results for cPPA films cast from dioxane, CHCl3, and DCM. a) 
Elastic modulus and tensile strength results. b) Failure strain results. 
The tensile testing results for cPPA films cast from dioxane, CHCl3, and DCM are shown 
in Figure 4.9. Both the elastic modulus and the tensile strength increase with lower RSC 
(dioxane → CHCl3 → DCM). There was no statistically significant change in the average 
failure strain measured for cPPA films cast from the three solvents with most failures 
occurring between 1.0% and 1.5% strain. However, the failure mode observed for each 
specimen changed significantly. Dioxane films plastically deformed before fracture, CHCl3 
specimens failed by both plastic deformation and brittle fracture, and DCM films always 
failed by brittle fracture. Using Considère's construction, the average strain at yield for 
dioxane and CHCl3 cast films was 1.09% and 1.29% respectively. Representative tensile 


































































Figure 4.10. Typical tensile tests results for dioxane, CHCl3, and DCM cast cPPA films. 
 
Films were also cast from DCM that contained an additional non-volatile plasticizer 
diethylene glycol dibenzoate (DGD). The use of DGD as a plasticizer increased the quality 
of DCM cast cPPA films by preventing cracking as the films dried during processing and 
aging. DMA test results for films with both 2 and 5 wt% of DGD are compared to DCM 
cast cPPA films in Figure 4.11. 
As expected the Tg of the films decreased from 94 °C for a pure DCM cast film, to 50 °C 
for a DCM cast film with 5 wt% of DGD. The 5 wt% DGD/cPPA films were also tensile 
tested to measure the bulk mechanical properties. The elastic modulus, ultimate tensile 
strength, and failure strain was 2.3 GPa, 24.71 MPa, and 1.75% respectively. Both the 
elastic modulus and ultimate tensile strength were lower than any of the pure solvent cast 






















plasticized films was yielding followed by plastic deformation before localization and 
ultimate fracture. 
 
Figure 4.11. Effects of DGD on viscoelastic properties of DCM cast cPPA films. (a) DMA 
results for cPPA films with 0, 2, and 5 wt% DGD. Closed symbols (⬛) are the storage 
modulus (E’). Open symbols (□) are the loss modulus (E”). (b) Glass transition 
temperatures for the DGD plasticized cPPA films. 
The addition of a plasticizer like DGD is a preferable approach to not only increase the 
toughness of cPPA films, but also to obtain consistent and stable mechanical properties 
of cPPA. In addition, we find a significant increase in the yield of well formed, high quality 
polymer films with less crack formation and residual stress failure when casting with DGD 
plasticizer. 
4.4 Conclusions 
In conclusion, residual solvent in cPPA is unavoidable when solvent or tape casting films 
and it results in mechanical properties that are inherently dependent on various 
processing parameters. We show that residual solvent in the cPPA films serves as a 
plasticizer that affects the Tg, elastic modulus, ultimate tensile strength, and failure strain. 































As a result, any processing parameter that affects the residual solvent concentration also 
affects the resulting mechanical properties. These include the solvent boiling point, drying 
time, aging conditions, and film thickness. As expected, a reduction in the residual solvent 
concentration results in an increase in the Tg of the cPPA. cPPA films cast from dioxane 
(bp 101 °C) exhibit the lowest Tg of 64.0 °C since they contain the largest residual solvent 
content (41 wt%). Films cast from CHCl3 (bp 61.2 °C) exhibit intermediate Tg of 71.3 °C 
and residual solvent content (18 wt%). Films cast from DCM (bp 39.6 °C) showed the 
highest Tg of 95.0 °C and the lowest residual solvent content (9 wt%). Elastic modulus 
and tensile strength correlated similarly. The films were stiffer and stronger as the residual 
solvent concentration decreased. 
4.5 A Survey of Attempted Solvent Casting Methods 
As discussed previously, casting cPPA films with thicknesses greater than 300 µm was a 
difficult task. Large solvent pockets became trapped within the film as the polymer 
solution dried, resulting in large defects and non-uniform films. The observed defects 
formed because of very rapid evaporation rates, the formation of a dry “skin” layer on the 
surface of the film, or both. The skin layer forms because the local solvent concentration 
at the surface of the film drops enough to result in the solidification of the polymer. The 
skin layer then prevents the evaporation of the remaining solution that was not exposed 
to the surface. Several approaches were tested to allow the polymer solution to dry more 
slowly and also prevent the formation of a skin layer. 
Our first attempt was direct casting of the cPPA/solvent solution onto a PTFE surface and 
allowing it to evaporate directly to air. No attempts were made to control the evaporation 
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rate or skin layer formation. This approach works well for films with thickness up to ca. 
200 µm. At greater thickness, the rapid evaporation would result in defects on the surface 
from the rapid evaporation. This was corrected by placing the PTFE dish in a closed 
casting environment, were the solvent cannot immediately escape. The increase in 
solvent concentration in the local atmosphere resulted in a slower evaporation rate of the 
polymer solution and films with better morphologies.  
At thickness greater than 300 µm the closed environment was insufficient due to the 
formation of a skin layer that prevented evaporation of the solvent from the entire solution. 
This was corrected by the addition of extra solvent within the closed casting environment. 
The extra solvent would evaporate and contribute to a higher concentration of solvent in 
the local atmosphere. We hypothesized that the increased solvent concentration inhibited 
the formation of the skin layer and allowed the polymer solution to dry more uniformly.  
Some attempts were made to use the solvent casting procedure to cast films >400 µm. 
Unfortunately, none of these attempts were successful because of defects, high residual 
solvent content, or depolymerization. A pressure casting environment was used at 15 PSI 
and 55°C for the casting of CHCl3 films. The elevated temperature should inhibit the 
solidification of the polymer until lower residual solvent contents are achieved, while the 
increased pressure should maintain a slower evaporation rate to prevent the formation of 
defects.[13] This process worked well for films with thicknesses < 400 µm but 
depolymerization was observed in samples that were intended to be cast at thicknesses 
> 400µm. A similar approach was used with a hot plate, yet the evaporation was too rapid, 
and also resulted in the depolymerization of cPPA in some cases. Some success was 
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had when the films were cast to thickness > 400 µm in a closed environment at room 
temperature with a constant addition of extra solvent into the chamber. Unfortunately, the 
resulting films (while remaining defect free) changed color from clear to yellow – 
suggesting depolymerization into the yellow monomer – and also retained a large amount 
of residual solvent.  
In the end, the approaches detailed in the processing section of this chapter were the 
most reliable approaches without initiating premature depolymerization and resulting in 
large defect formation. Both the recommended approaches followed the scheme in Figure 
4.2 with both solvent casting and tape casting. Chapter 5 addresses how thicker films 
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Chapter 5: Cyclic poly(phthalaldehyde): Thermoforming a bulk 
transient material1 
5.1. Introduction 
The transient nature of cPPA poses two distinct challenges in application. First, the 
stability and thermal degradation behavior of cPPA varies wildly. Even within a single 
batch[1], a range of temperature onsets of depolymerization have been reported, with 
instances of spontaneous depolymerization under ambient conditions. This 
unpredictability precludes standardization, and hence impacts the reliability of these 
materials for transient applications. Second, bulk materials and monolithic form factors 
based on cPPA remain elusive, with applications and studies of cPPA relegated to those 
of powders or solvent-cast thin films.[2–9] The relatively low degradation temperature of 
cPPA (ca. 100 °C) has precluded thermal processing, as the polymer degrades before 
any thermal transition, with an estimated Tg of ca. 180 °C.[10] 
Understanding the degradation behavior of cPPA is complicated by the fact that differing 
degradation mechanisms have been proposed, suggesting that different pathways are 
operative under different conditions. Computational and experimental studies have 
suggested both a homolytic, radical chain unzipping mechanism during thermolysis[1], and 
                                            
1 AMF and HLH contributed equally to the project. AMF proposed the use of inhibitors that 
were used in this chapter to stabilize cPPA. HLH developed the process for thermally 




a cationic, acid-catalyzed unzipping mechanism[11,12]. The two proposed mechanistic 
pathways are shown in Scheme 5.1. Given competing possible reaction pathways, and 
that multiple experimental and processing parameters could conceivably impact the 
observed degradation behavior derived from either of the potential degradation 
mechanisms, it is perhaps unsurprising that the thermal degradation behavior of cPPA 
exhibits considerable variability. 
The research presented in this chapter aimed to use the previously proposed 
depolymerization mechanisms of cPPA as a theoretical scaffold to guide the choice of 
additives and removal of undesirable impurities leading to thermally stable cPPA. The 
effects of radical inhibitor and Lewis base additives, as well as trace impurities left behind 
from the synthesis, are investigated. The improvements we report in thermal stability of 
the polymer are leveraged to process plasticized cPPA into a bulk solid. Finally, we 




Scheme 5.1. Previously proposed cPPA degradation mechanisms[1,11,12]. Acid-
catalyzed, cationic unzipping (top, red) and homolytic, radical chain unzipping (bottom, 
blue). 
5.2. Experimental 
5.2.1. Materials and Methods 
Unless otherwise specified, all materials were purchased from Sigma-Aldrich and used 
without further purification. HPLC grade solvents were purchased from commercial 
sources and used without further purification for polymer purification and solvent casting. 





purchased from Fisher Scientific. ortho-Phthalaldehyde was purchased from TCI America 
and purified by recrystallization, according to a literature procedure.1 Cyclic 
poly(phthalaldehyde) was synthesized via a previously reported procedure.1 
Analytical gel permeation chromatography (GPC) was performed using a Waters 1515 
isocratic HPLC pump and Waters 2707 96-well autosampler, equipped with a Waters 
2414 refractive index detector and 4 Waters HR Styragel columns (7.8 × 300 mm, HR1, 
HR3, HR4, and HR5) in THF at 30 °C. The GPC system was calibrated using 
monodisperse polystyrene standards. 
Dynamic thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 
TGA under a nitrogen atmosphere (90 mL/min). Dynamic TGA traces were obtained 
during a 5 °C/min ramp after equilibration at 45 °C. TGA samples consisted of 5-6 mg of 
the analyte film in a platinum pan. 
1H NMR spectra were recorded at 500 MHz using a Bruker Ascend 500 spectrometer 
equipped with a 5 mm broadband cryoprobe and SampleXpress autosampler. Spectra 
were obtained in either chloroform-d or tetrahydrofuran-d8. Residual proton solvent was 
used as an internal standard (CHDCl2 (1 H) 5.32 ppm; THF-d7 (1 H), 1.72 and 5.32 ppm). 
Dynamic mechanical analysis (DMA) was performed on a TA Instruments RSA III fitted 
with thin film grips provided by TA Instruments. Specimen dimensions were 5 mm × 20 
mm × 200 µm, and the gauge length was set to 10 mm. Dynamic loading was applied at 
1 Hz and 0.1 % strain amplitude, and the temperature was increased 5 °C/min from -60 
to 80 °C. 
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Differential scanning calorimetry (DSC) measurements were performed using a TA 
Instruments Q20 different scanning calorimeter. Polymer samples weighing ca. 5 mg 
were loaded into a standard aluminum pan and sealed with a hermetic lid. The samples 
were cooled to -100 °C and ramped at 20 °C/min to 115 °C, and the cooling/heating cycle 
was repeated for a total of three heating cycles. 
5.2.2. Thermal Processing of cPPA 
The general process for fabrication of cPPA bulk solids is shown schematically in Figure 
S3. The blended P-cPPA feed stock was cut into ca. 3 mm square shreds, which were 
then placed into the female half of a circular aluminum mold that was treated with a PTFE 
mold release agent and preheated to 100 °C in an oven. The feed stock was equilibrated 
in the oven at 100 °C, at which point the male half of the mold was placed on top, and 80 
kPa of downward force was applied. After 15 minutes, the mold was removed from the 
oven and cooled to room temperature while maintaining the 80 kPa compressive force. 
After cooling, the bulk cPPA disk was removed from the mold. The disk was then cut into 
ca. 3 mm pellets, which were used as the feed stock for the fabrication of the cPPA 
triangle. The hot-pressing procedure for fabrication of the cPPA triangle was identical to 




Figure 5.1. Schematic of cPPA hot pressing procedure. Scale bars are 12.7 mm. 
 
5.2.3. Triggered Degradation of Thermoformed cPPA 
The thermal degradation of the bulk cPPA solid was examined by placing a section of the 
cPPA triangle (ca. 250 mg) onto a glass surface. The surface was then transferred to a 
hot plate which was preheated to 150 °C.  
The acid triggered degradation of bulk cPPA was examined by placing a section of the 
bulk cPPA triangle (ca. 300 mg) onto a PTFE plate and droppering 50 µL trifluoroacetic 
acid onto the top of the cPPA solid. Complete degradation of the solid was observed 
within 15 minutes of the addition of acid. The degradation of the polymer resulted in a 
yellow, liquid residue.  
5.2.4. Solvent Casting 
cPPA films were prepared using a modification of a literature procedure.2,3 For example: 
cPPA (100 mg) was dissolved in HPLC grade dichloromethane (3 mL), gently vortexing 
until the mixture was no longer turbid. The solution was then cast into a 50-mm diameter 
PTFE-lined petri dish and placed in an enclosure with an atmosphere partially saturated 
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standing 95 mg film. After drying, the film was stored at -20 °C until use. Films with 
additives were solvent cast by dissolving the additives in the solution before casting the 
films. 
5.2.5. cPPA Purification 
The purification of cPPA was accomplished by the slow precipitation of the polymer from 
dichloromethane into methanol. A representative procedure is as follows: cPPA (5.0 g, 
Mn = 231 kDa, PDI = 1.42) was dissolved in 50 mL HPLC grade dichloromethane. The 
cPPA solution was then added dropwise via burette to 1.0 L of HPLC grade methanol at 
an approximate flow rate of 1 mL/min. After dropwise addition was complete, the 
methanol mixture was decanted, and the polymer was immersed in 100 mL of methanol. 
After settling for 30 minutes, the methanol-polymer mixture was decanted again. 
Immersion in another 100 mL of methanol, followed by suction filtrated afforded a white 
solid. The polymer was dried in vacuo for 24 hours, and the purified cPPA was recovered 
as a brittle white solid (3.5 g, Mn 266 kDa, PDI = 1.23). 
5.3. Results and Discussion 
Based on the previously proposed thermal degradation mechanisms of cPPA, two 
potential degradation inhibitors were chosen for study: (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO), and N,N’-di-sec-butyl-1,4-phenylenediamine (DBPDA). TEMPO was 
expected to act as a radical trap, potentially inhibiting thermal degradation via the 
previously proposed homolytic unzipping pathway, while DBPDA was expected to behave 
as a Lewis base, inhibiting degradation in the case of an operative acid-catalyzed 




Figure 5.2. Effects of TEMPO and DBPDA on cPPA thermal stability. (A) Dynamic 
TGA results of S-cPPA films doped with TEMPO and DBPDA during 5 °C/min ramp 
experiments. (B) Bar chart of onset and endset temperatures for neat, TEMPO-doped, 
and DBPDA-doped S-cPPA films from dynamic TGA experiments. 
 cPPA thin films were solvent cast from DCM, incorporating 2 phr TEMPO and 
DBPDA, separately, and the thermal degradation was measured by dynamic 
thermogravimetric analysis (TGA). These films were cast using cPPA prepared via 
standard, unoptimized methods (S-cPPA). Interestingly, both additives slowed the 
thermal degradation of cPPA. Representative TGA traces of pristine, TEMPO-doped, and 
DBPDA-doped cPPA in Figure 5.1 show significant changes in thermal degradation 
behavior. Addition of TEMPO increases the average degradation onset temperature from 
120 °C for the pristine polymer to 131 °C, while addition of DBPDA stabilizes the polymer 
even further, increasing the onset temperature to 145 °C. Further, the DBPDA-doped film 
exhibits the greatest onset-endset gap, indicating that not only does DBPDA increase the 
onset temperature, but that the degradation kinetics in the presence of DBPDA are 
significantly slower. Notably, the fact that both TEMPO and DBPDA inhibit thermal 
degradation of cPPA is consistent with the conclusion that both radical and cationic 
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degradation mechanisms are operative. This suggests that the thermal degradation of 
cPPA does not follow a single pathway.  
A recent report by the Kohl group suggested that the thermal degradation behavior of 
cPPA is highly dependent on trace quantities of the polymerization initiator, BF3.[1] It was 
reported that treatment of the polymer with triethylamine followed by precipitation into 
hexanes resulted in cPPA with increased stability at room temperature, either by 
sequestration or removal of residual BF3. Though changes in the stability at elevated 
temperature were not reported, the removal of BF3 was a promising lead to produce cPPA 
with increased and more consistent thermal stability at elevated temperatures. 
In lieu of treatment with triethylamine, it was found that the rate of precipitation of the 
polymer into methanol greatly impacted the amount of trace BF3 in the isolated material 
and, in turn the thermal stability. Typically, cPPA is purified by rapid precipitation from 
DCM into methanol (S-cPPA).[3,5] This precipitation affords cPPA with two major 
impurities- methanol (measured by 1H NMR) and BF3 (measured by elemental analysis). 
Concentrations of methanol and BF3 for the batch of cPPA used in this study are given in 
Table 5.1, though it should be noted that batch-to-batch concentrations may vary widely. 
Dropwise precipitation of cPPA from DCM into methanol (ca. 15 µL droplets) resulted in 
a significantly lower concentration of BF3, as well as a higher concentration of methanol 
(P-cPPA). Additionally, slow precipitation resulted in a slight increase in Mn (231 to 266 
kDa) and a decrease in PDI (1.42 to 1.23) due to removal of small molecules and 
oligomers (Figure 5.4). It is hypothesized that dropwise precipitation minimizes 
entrapment of residual BF3 and oligomer in the polymer, resulting in a higher purity 




Table 5.1. Concentrations of methanol and BF3, and molecular weight data for cPPA 
produced via standard procedures and after purification. 
 Impurity Concentrations Molecular Weight Data 
Polymer Sample [MeOH] (µmol/g) [BF3] (µmol/g) Mn (kDa) PDI 
S-cPPA 27.4 17.5 231 1.42 
P-cPPA 47.3 3.5 266 1.23 
 
         
Figure 5.3. Representative NMR spectra of (a) S-cPPA and (b) P-cPPA powder before 
(top, red) and after (bottom, black) degradation triggered by heating to 140 °C for 5 





Figure 5.4. Representative GPC traces of (a) S-cPPA and (b) P-cPPA powder before and 
after degradation triggered by heating to 140 °C for 5 minutes. 
Though the change in the purification process was minor, the observed effects were 
significant. Dynamic TGA traces of S-cPPA and P-cPPA are shown in Figure 5.5a. 
Notably, the improved purification process results in a 26 °C increase in the degradation 
onset temperature. To test the individual effects of methanol and BF3, two control 
experiments were performed. S-cPPA was doped with methanol by adding 5% methanol 
to the polymer solution in DCM before casting, resulting in a methanol concentration of 
50 µL/g, similar to that of the purified polymer. While a slight increase in degradation onset 
and endset temperatures was observed, the small effect does not account for the 
enhanced stability observed for P-cPPA. Conversely, a P-cPPA film doped with 25 µmol/g 
BF3 resulted in significantly depressed onset and endset temperatures, indicating that the 
presence of BF3 is extremely detrimental to the thermal stability of the polymer. This 
suggests that the enhanced stability of the purified cPPA is due to the removal of residual 
BF3. 
To maximize the thermal stability of the cPPA at elevated temperatures, the effect of 






































were prepared as described above, and the degradation kinetics were measured by TGA. 
As shown in Figure 5.5c, P-cPPA with and without inhibitors begins to depolymerize at 
ca. 145 °C. Notably, the addition of TEMPO does not significantly affect the degradation 
behavior of the cPPA, indicating that whatever potential radical pathway was operative in 
the S-cPPA is no longer a major degradation pathway in P-cPPA. In contrast, addition of 
DBPDA does not significantly change the depolymerization onset, but does substantially 
slow the rate of the depolymerization, resulting in the highest endset temperature of any 
cPPA (187 °C). This suggests that an acid-catalyzed, cationic degradation mechanism 
may still be the operative thermal degradation pathway for P-cPPA at elevated 
temperatures greater than 140 °C. Although beyond the scope of the present study, future 
work to firmly establish the thermal degradation mechanism of cPPA is warranted. 
The drastic increase in stability demonstrated herein creates an opportunity to revisit the 
possible thermal processing of cPPA. Previously, thermal processing was not feasible 
because S-cPPA degraded at relatively low temperatures. Since the temperature of 
degradation was well below any glass or melt transitions, it was not possible to use 
thermal processing techniques without also depolymerizing the cPPA. With the increase 
in stability provided by better purification procedures and depolymerization inhibitors, we 
reevaluated the feasibility of thermally processing cPPA. This has several advantages 
over solvent casting including: minimal residual solvent, more complex architectures with 
the use of molds, and less waste of toxic solvents. Our strategy was to depress the 
thermal transitions of cPPA significantly below the temperature of degradation, and 




Figure 5.5. Effects of impurities and stabilizers on cPPA thermal stability. (A) 
Dynamic TGA traces at 5 °C/min of S-cPPA, methanol-doped S-cPPA, P-cPPA, and BF3-
doped P-cPPA. (B) Bar chart of onset and endset temperatures for S-cPPA, methanol-
doped S-cPPA, P-cPPA, and BF3-doped P-cPPA during 5 °C/min ramp experiments. (C) 
Dynamic TGA traces at 5 °C/min of a P-cPPA film and P-cPPA films doped with TEMPO 
and DBPDA. (D) Bar chart of onset and endset temperatures from dynamic TGA 
experiments for P-cPPA, TEMPO-doped P-cPPA, and DBPDA-doped P-cPPA films. 
The thermal transitions of cPPA were depressed by incorporating the plasticizer 
diethylphthalate (DEP). A plasticized cPPA film was solvent cast from a solution of P-
cPPA, 20 phr of DEP, and 3.0 phr of DBPDA in DCM. After solvent evaporation, a free-
standing, plasticized, and inhibited cPPA film was recovered. The glass transition 
temperature of this film was measured by differential scanning calorimetry (DSC) to 
evaluate the degree of plasticization. The glass transition temperature for our DEP-doped 
film was measured to be 24 °C (Figure 5.6a), confirming significant plasticization of cPPA. 
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The repeatability of the DSC results over three consecutive heat-cool-heat cycles, from -
100 – 115 °C, confirmed that the glass transition temperature was repeatable and that 
the polymer is stable to relatively high temperatures (>100 °C). This is in contrast to DSC 
scans of standard cPPA cast from DCM, where the polymer film begins to degrade at 
temperatures > 100 °C.  
 
Figure 5.6. Thermal processing of cPPA and bulk solid transience. (a) DSC scans 
collected at a 20 °C/min heating rate and (b) DMA scans collected at a 5°C/min heating 
rate, showing glass transitions at 24 and 30 °C, respectively. (c) Procedural schematic of 
bulk solid formation via cPPA hot press molding. Recyclable cPPA thermoforming 
process showing: 1. shredded cPPA stock, 2. a hot press molded cPPA disk, 3. cPPA 
pellets recovered from the cPPA disk, and 4. a hot press molded triangle formed from the 
recovered cPPA pellets. Thermoformed cPPA subjected to: 5. ambient conditions in 
which the material remains stable, 6. Acid, and 7. heat in which depolymerization is 
triggered. Scale bars are 12.7 mm. 
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The viscoelastic behavior of the film was measured by dynamic mechanical analysis 
(DMA). Consistent with the DSC measurements, the average Tg was measured from the 
peak of tan 𝛿 to be 30°C. The storage modulus of the polymer film was ca. 1 GPa at 22 
°C, but decreased significantly as the material was heated past its glass transition 
temperature. At 75 °C the storage modulus of the polymer film dropped to 10 MPa – a full 
two orders of magnitude lower than in the glassy regime. It was difficult to retrieve 
viscoelastic data at temperatures greater than 75 °C due to resolution limits of the 
instrumentation. 
A feedstock of pellets was created from the plasticized cPPA film and then hot pressed 
in an aluminum mold to create bulk cPPA solid specimens (Figure 5.6c). The pellets were 
hot pressed at 100 °C under an applied pressure of 80 kPa for 15 min. A temperature of 
100 °C was chosen based on a combination of DMA experimental data and observed 
behavior of the plasticized cPPA at elevated temperatures, and degradation onsets 
measured by dynamic TGA experiments. Fifteen minutes under applied pressure was 
sufficient for the polymer to flow, fill the mold cavity, and produce a uniform disk shape 
after cooling. The resulting cPPA disk was cut to form pellets for a second round of hot 
pressing into a triangular mold. Under the same hot press molding conditions, a bulk 
equilateral triangular piece was successfully molded measuring 2.54 cm on each side 
and 2.5 mm thick. The molecular weight and NMR spectra were measured for the final 
triangular specimen to evaluate the effects of two successive thermal processing cycles 
on the stability of the polymer. The molecular weight measured after this second thermal 
processing was 136 kDa showing no significant molecular weight decrease (Figure 5.7). 
Some monomer was observed by NMR (Figure 5.8), but a significant amount of polymer 
104 
 
remained. The residual DCM remaining from the solvent casting process was measured 
at 0.5 wt%, which is a reduction in the expected solvent concentration of 9 wt% (Table 
4.1). This may lead to the formation of voids, and it may be necessary to minimize the 
residual solvent content in the feed stock before thermal processing. 
 
Figure 5.7. GPC traces of the cPPA feed stock used in the hot pressing of cPPA bulk 
solids and the of the cPPA bulk solid after two cycles of hot pressing. 
 
Figure 5.8. 1H NMR in THF-d8 of (top) cPPA bulk solid that has been thermally processed 
twice and (bottom) after exposure to trifluoroacetic acid. 
Since the main motivation in the study and application of cPPA is its triggered 
depolymerization, we investigated how the incorporation of a plasticizer and inhibitor 





















acid triggering mechanisms. As expected, the addition of trifluoroacetic acid immediately 
began to depolymerize the bulk cPPA part, resulting in the complete depolymerization of 
cPPA into oPA within 15 min (Figure 5.8). Before acid treatment, the NMR spectrum 
shows resonances from cPPA, DEP (the plasticizer) and trace oPA. After exposure to 
trifluoroacetic acid, the cPPA resonances are no longer present, and the NMR spectrum 
shows only DEP and oPA, indicating complete unzipping of the polymer. Similarly, an 
elevation in temperature to 150 °C degraded the bulk cPPA object within 1 min, resulting 
in the evaporation of the monomer oPA and formation of red residue from the DBPDA. 
The solid rapidly degraded and evaporated, leaving a small amount of a red-black 
residue. The residue was of insufficient quantity to analyze by GPC or 1H NMR. 
These results demonstrate an approach to the thermal processing of a depolymerizable 
polymer. The multiple cycles of hot press molding confirm that this material can flow at 
moderate temperatures and under low pressures without undergoing significant 
thermally-triggered depolymerization. To date, only relatively thin (ca. 400 µm) cPPA films 
could be successfully produced by solvent casting. We demonstrate the production of 2.5 
mm thick bulk cPPA via thermoforming in this paper. This approach overcomes a 
longstanding technical challenge for processing cPPA. For the first time, we show the 
facile manufacture of bulk transient polymer capable of triggered depolymerization. 
5.4. Conclusions 
We presented protocols for tailoring the thermal degradation behavior cPPA and 
leveraging that control to enable thermal processing and molding in bulk quantities. Based 
on the proposed radical and cationic depolymerization mechanisms, TEMPO and DBPDA 
were added to inhibit the depolymerization of cPPA. Both TEMPO and DBPDA 
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significantly increased the degradation onset temperature for cPPA. We also discovered 
that the concentration of residual BF3 is significantly decreased by precipitating the 
polymer in 15 µL droplets, which resulted in a drastic increase of the degradation onset 
temperature. cPPA, plasticized with DEP and stabilized with DBPDA, was hot press 
molded twice at 100 °C into bulk specimens that maintained both heat and acid triggered 
depolymerization functionality. This is the first demonstration of a bulk polymer solid with 
the capability of triggered depolymerization. In the future, this approach may enable the 
formation of more complex architectures fabricated from a triggerable polymer for 
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Chapter 6: Conclusions and Future Directions 
6.1. Conclusions 
This dissertation a detailed investigation and characterization of the solid state 
depolymerizable polymer cyclic polyphthalaldehyde. The feasibility of using cPPA for 
transient applications, including depolymerization triggering approaches, processing, 
mechanical properties, and thermal depolymerization mechanisms was investigated. It 
proves that cPPA is a versatile and viable plastic for use in transient applications. 
cPPA was combined with a PAG to create a photosensitive substrate that has a 
tunable degradation profile of both its physical properties and an onboard electronic 
device. The PAG/cPPA films were compatible with lithographic procedures necessary for 
fabricating diodes and transistors. The depolymerization of the PAG/cPPA film induced 
by the exposure to UV light resulted in complete depolymerization to monomer and the 
rapid disintegration of electronics. The transience time of the electronics was modified by 
changing the amount of PAG in the polymer films and the UV irradiance. Interestingly, 
physical transience time is longer than the electronics transience time, continuing after 
initial UV light exposure and resulting in unrecognizable residue. Partial degradation of a 
MBTT/cPPA encapsulated Mg resistor was successfully demonstrated as a proof of 
concept of local selectivity for remapping current flow in a circuit to change the 
functionality of electronics packages.  
PVtBCS was demonstrated for the first time as a polymeric thermoacid generator that 
depolymerizes when heated at 85 °C to form acidic and volatile byproducts. Blended 
PVtBCS/cPPA films at 0.5, 1.0, and 2.0 wt% depolymerize into products that evaporate 
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within 80 min at 85 °C leaving < 2 wt% of residues. The increase in thermoacid generator 
concentration from 0.5 – 2 wt% modestly increased the rate of evaporation for the 
PVtBCS/cPPA blended films by TGA. However, GPC results reveal that the increase in 
the thermoacid generator concentration greatly increases the rate of depolymerization, 
where the 2 wt% PVtBCS/cPPA films depolymerized at least 2 times faster that 0.5 wt% 
PVtBCS/cPPA films. When used as substrates for electronics, the films readily vaporize 
at temperatures > 85 °C, but do not directly attack the onboard electronics. Since the 
electronics are not directly altered chemically and the physical evaporation of the films is 
a gentle process, the electronics often transfer onto the next supporting substrate. 
In solvent casting processing approaches, residual solvent in cPPA is unavoidable 
when solvent or tape casting films and it results in mechanical properties that are 
inherently dependent on various processing parameters. We show that residual solvent 
in the cPPA films serves as a plasticizer that affects the Tg, elastic modulus, ultimate 
tensile strength, and failure strain. As a result, any processing parameter that affects the 
residual solvent concentration also affects the resulting mechanical properties. These 
include the solvent boiling point, drying time, aging conditions, and film thickness. As 
expected, a reduction in the residual solvent concentration results in an increase in the 
Tg of the cPPA. cPPA films cast from dioxane (bp 101 °C) exhibit the lowest Tg of 64.0 °C 
since they contain the largest residual solvent content (41 wt%). Films cast from CHCl3 
(bp 61.2 °C) exhibit intermediate Tg of 71.3 °C and residual solvent content (18 wt%). 
Films cast from DCM (bp 39.6 °C) showed the highest Tg of 95.0 °C and the lowest 
residual solvent content (9 wt%). Elastic modulus and tensile strength correlated similarly. 
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The films were stiffer and stronger as the residual solvent concentration decreased and 
solvent volatility increased. 
We presented protocols for tailoring the thermal degradation behavior cPPA and 
leveraging that control to enable thermal processing and molding in bulk quantities. Based 
on hypothesized radical and cationic depolymerization mechanisms, TEMPO and 
DBPDA were added to inhibit the depolymerization of cPPA. Both TEMPO and DBPDA 
significantly increased the degradation onset temperature for cPPA. We also discovered 
that the concentration of residual BF3 is significantly decreased by precipitating the 
polymer in 15 µL droplets, which resulted in a drastic increase of the degradation onset 
temperature. cPPA, plasticized with DEP and stabilized with DBPDA, was hot press 
molded twice at 100 °C into bulk specimens that maintained both heat and acid triggered 
depolymerization functionality. This is the first demonstration of a bulk polymer solid with 
the capability of triggered depolymerization. In the future, this approach may enable the 
formation of more complex architectures fabricated from a triggerable polymer for 
engineering applications.  
6.2. Future Work 
6.2.1. Degradation mechanism 
More work is needed to expand upon the work presented in chapter 5. A better 
understanding of the degradation pathway for cPPA would allow for improved control over 
the triggered depolymerization and processing protocols. The effect of enhanced 
purification is tremendous, and supports the hypothesis that the thermal depolymerization 
of cPPA is initiated by the residual catalyst left from polymerization. However, it is 
interesting that both the addition of the depolymerization inhibitors and purification 
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procedure (without inhibitors) both result in cPPA with a depolymerization onset ca. 145 
°C. Especially since both approaches rely on different mechanisms for stabilization. The 
purification procedure should stop initiation of depolymerization by the removal of BF3 
and the inhibitors should terminate reactive chain ends to stop the depolymerization after 
it has been initiated. It is highly possible that there is an alternate mechanism at play that 
has not been fully described.  
Future work, should investigate what mechanism is dominating the thermal 
depolymerization and identify whether 145 °C is truly the maximum achievable 
temperature onset. TGA data suggests that the degradation mechanisms change 
substantially based on the depolymerization inhibitor used. With consistent and 
repeatable degradation behavior, a full kinetic analysis of TGA data for the degradation 
of cPPA may help identify what degradation mechanisms are at play. However, due to 
the prevalence of evaporation kinetics by TGA, it will be important to measure the 
depolymerization kinetics both by GPC and TGA. The resulting analysis will help to 
determine the relationship between inhibitors and purification to depolymerization rates, 
which is crucial for creating a formulation that is both reliable (does not spontaneously 
depolymerize) but also depolymerizes rapidly when triggered. More degradation triggers 
may also be developed alongside this approach by which the depolymerization can be 
initiated. 
6.2.2. Processing and mechanical characterization of cPPA 
The current limitations to solvent casting – an approach not commonly used in industry 
– and thin film formation will prevent any real application of cPPA in any application 
beyond coatings or thin substrates. The work in chapter 5 and proposed work in this 
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section will make it possible to use cPPA in a diverse set of applications by enabling the 
manufacture of more complex parts of any configuration and size. Yet, the proof of 
concept thermoforming process that was presented requires the addition of a significant 
amount of plasticizer, which results in a softer material that is not as stiff and, likely, not 
as strong as the solvent cast material. 
Future work in processing should focus on identifying the optimal quantities of 
plasticizer and inhibitor needed to successfully thermoform cPPA while maintaining the 
necessary degradation kinetics and properties. The relationship between cPPA 
formulation and various properties such as thermal degradation kinetics and mechanical 
transition temperatures must be investigated. From this information, a processing toolbox 
for cPPA could be used to tune those properties to satisfy any given application. Some 
immediate targets for a thermoformed cPPA include the maximization of strength and 
stiffness and an improvement in flow properties. For the former, it would be beneficial to 
identify the most temperature stable formulation of cPPA, identify the maximum 
temperature at which it is stable, and incorporate only enough plasticizer to allow viscous 
flow at that temperature. The minimal plasticization of cPPA would minimize the reduction 
of strength and stiffness, while preserving the capability of thermoforming. 
Alongside the development of new formulations for thermoformed cPPA should be an 
in depth mechanical characterization of the thermally processed material. The 
viscoelastic and bulk mechanical properties should be investigated and the effect of 
plasticizer on mechanical properties quantified. In addition, fracture toughness 
measurements should now be possible with the new processing methods that make allow 
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for the fabrication of fracture toughness specimens. The stability and mechanical 
properties of cPPA should also be tested after repeated thermal processes. 
Rheological measurements should be performed to measure the flow properties of 
cPPA formulations at moduli in the MPa regime and lower. To date, rheological 
measurements have been unsuccessful due to low temperature degradation, lack of 
viscous flow, and defects caused by residual solvent in solvent cast films. Rheological 
measurements will help in the design and optimization of formulations for thermal 
processing schemes beyond hot pressing (e.g. injection molding). Rheological 
measurements should also be used to investigate the network architecture of cPPA. It 
has yet to be proven whether the macromolecular and macrocyclic rings of cPPA exist 
individually or if each cPPA ring is intertwined, creating a macro-crosslinked network. If 
macro-crosslinks do exist, they would likely affect the melt behavior of cPPA and manifest 
itself as a rubbery plateau regime for the modulus as the temperature is increased. 
6.2.3. Recycling 
Depolymerizable polymers unzip from high molecular weight macromolecules into 
small molecule byproducts. This phenomenon readily lends itself to chemical recycling 
where an approach could be developed to trigger the depolymerization of polymers at 
their end of life into a small molecule that can be reused, repolymerized, or more easily 
disposed. There has been a recent demonstration of recycling using this approach with 
the low Tc polymer poly(ethyl glyoxylate) (PEtG).[1] In this approach, the authors used the 
cleavage of an end cap to trigger the end to end depolymerization of the PEtG, which 
results in the formation of volatile monomer products. The monomers were captured and 
then repolymerized to polymer, completing on cycle of recycling.  
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Currently, polymers are either mechanically recycled or chemically recycled, 
incinerated for energy generation, and dumped in landfills.[2–4] Burning polymers 
generates some energy, but it leads to the formation of toxic byproducts and does not 
reduce the need for raw materials. Mechanical recycling reuses the end-of-life product 
and can be reused immediately. However, this process may lead to a deterioration of the 
mechanical and flow properties of the polymers due to a reduction in molecular weight 
from mechanical degradation during recycling.  
Chemical recycling with traditional polymers and biopolymers relies on depolymerizing 
polymers back into their constitutive monomers by exposing the polymers to very high 
temperatures (>200 °C). This process requires a significant amount of energy and is 
economically unfeasible when compared to the price of the feedstock of the virgin 
material. The polymers described in this thesis can be depolymerized at ambient 
conditions by exposure to an orthogonal trigger (e.g. UV light) to form monomeric 
products. This approach may provide a more economical avenue for the chemical 
recycling of plastics. Furthermore, if the molecular byproduct is environmentally friendly 
it could be designed to degrade in landfills to non-toxic byproducts over much shorter time 
periods than the currently used biodegradable polymers such as PLA, which have been 
shown recently to be largely ineffective[5]. 
As more depolymerizable polymers are discovered with various triggering modalities, 
mechanical properties, and depolymerization products, future work should focus 
recyclable functionalities. The research in stimuli-depolymerizable materials is focused 
on enabling a function such as transient electronics, lithography, drug delivery, etc. – 
however, recycling is often only mentioned as a tangential application of these materials. 
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To make the transition into the consumer market, the depolymerizable polymer must be 
kinetically stable in ambient conditions, processable, inexpensive, and depolymerized in 
response to trigger orthogonal to operating conditions.  
6.2.4. Sacrificial Materials 
Sacrificial materials, specifically for the vascularization of sacrificial components, have 
been an ongoing area of development. The goal of these materials is to serve as a 
temporary template or positive mold in the fabrication of a composite or plastic part. In 
the first processing step a thermoset is cured around the sacrificial material, and in the 
second step the sacrificial material is removed leaving behind an inverse replica of the 
original sacrificial template.[6] The current state of the art is the use of polylactic acid (PLA) 
as the sacrificial template, which can be removed by heating to 200 °C for an extended 
period of time. PLA works well for polymers that are stable at temperatures of 200 °C, but 
excludes many polymers that are not. This leaves a gap in the technology available for 
creating vasculature in polymeric materials.  
Depolymerizable polymers can undergo transitions into monomer in mild conditions 
and may be a viable approach for new sacrificial materials. Preliminary work has already 
begun on utilizing cPPA as a sacrificial material that can be removed by exposure to 
moderate temperatures (ca. 100 °C). Design considerations for sacrificial templates will 
require that the depolymerizable polymers be stable in the curing conditions of the 
material that is being formed around it and that, in turn, the embedding material must be 
stable when exposed to the triggering conditions for depolymerization of the sacrificial 
material. These simultaneous requirements create the need for orthogonal curing and 
triggering chemistries, but also highlights a key advantage of this approach. The sacrificial 
116 
 
material made from depolymerizable material may be able to be removed a variety of 
triggering modalities for depolymerizable polymers in the literature such as chemical[7–9], 
light[10], humidity[11], temperature[12], mechanical[9,13], and biological[14]. 
6.2.5. Characterization of Commercialized cPPA 
Sigma-Aldrich has commercialized cPPA and has begun to sell the product at $392/gram 
with a molecular weight of 10-20 kDa and PDI less than 3. For comparison, the monomer 
oPA required for synthesis can be purchased from Oakwood Chemical for $0.32/gram. 
Sigma-Aldrich cites two papers from the Moore group by Kaitz et. Al. and Lopez 
Hernandez et. Al.[10,12] The chemical and physical properties of the cPPA offered by 
Sigma-Aldrich should be characterized by NMR, TGA, GPC, and elemental analysis to 
measure its thermal degradation behavior, molecular weight, and impurities. This analysis 
will provide more insight into the phenomena studied in Chapter 5 and help to determine 
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Appendix A: Tunable thermal degradation of poly(vinyl butyl 
carbonate sulfone)s via side-chain branching1 
A.1. Introduction 
This section covers my work into the characterization of variations of poly(vinyl butyl 
carbonate sulfones). In collaboration with Dr. Olivia Lee, it was discovered that by varying 
the side chain between tert-butyl (P1), sec-butyl (P2), iso-butyl (P3), and n-butyl (P4) the 
thermal degradation properties of the polymers could also be altered (Figure A.2). My 
contribution was concerned with the thermal degradation kinetics of the P1 polymer and 
on the film possibilities of the four variations. These polymers were studied in 
consideration for application as fully vanishing thermally triggerable polymer substrates 
for transient electronics. 
 
Figure A.1. Structures of poly(vinyl butyl carbonate sulfone)s used in this study 
                                            
1 The work in this chapter is based on the publication “Lee, O. P.; Lopez Hernandez, H.; Moore, J. S. ACS 




Figure A.2. Dynamic TGA of t, s, i, and n butyl substitution in poly(vinyl butyl 
carbonate sulfones) 
A.2. Thermal Characterization Methods 
Thermal gravimetric analysis and subsequent kinetic studies were performed for 
poly(vinyl t-butyl carbonate sulfone) to evaluate its degradation rate and determine the 
rate limiting step for the thermal depolymerization pathway. Thermogravimetric analysis 
(TGA) was performed with a TA Instruments Q50 analyzer. For each experiment, 
approximately 7 mg of sample were accurately weighed (± 0.01%) into a platinum 
crucible, and the samples were heated at a rate of 5 °C/min under nitrogen atmosphere 
unless otherwise specified. The mass loss was recorded during heating over temperature 
range from 25 °C to 350 °C. Isothermal TGA of P1 and P1-d9 was performed by heating 
the samples at 10 °C/min and held at the designated temperature until the residual mass 
is less than 10 wt.%. Water was rigorously removed from all polymer samples by 
lyophilization (P1, P1-d9).  
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A.3. Kinetic Analysis of P1 and P1-d9 degradation 
Analyzing the thermolysis kinetics of P1 and P1-d9 enables determination of rate 
constants and the most probable degradation pathway. P1-d9 is identical except that the 
t-butyl group is deuterated. Isothermal TGAs were performed in triplicates at 75 °C, 80 °C 
and 85 °C. The following analysis expresses the extent of polymer degradation at any 
given time (t) in terms of conversion (α), a normalized measure of mass loss defined as: 
𝛼 =  
𝑚𝑡−𝑚𝑖
𝑚𝑓−𝑚𝑖
 Eq. A.1 
where 𝑚𝑖 is the initial mass, 𝑚𝑡 is the mass at time 𝑡, and 𝑚𝑓 is the final sample mass. 
Isothermal TGA traces of P1 and P1-d9 all appear sigmoidal such that the rate of mass 
loss at each temperature reaches a maximum during thermolysis, suggesting an 
autocatalytic process (Figure A.3).  
 
Figure A.3. Isothermal TGA Results for P1 and P1-d9. (a) 75 °C, (b) 80 °C, and (c) 85 
°C. 
Furthermore, plotting the instantaneous degradation rate (dα/dt, time derivative of α vs. 
time graphs) against time reveals bell-shape profiles and validates this claim (Figure A.4 





Figure A.4. Degradation rates (dα/dt) vs. time plots of P1 at 75 °C, 80 °C and 85 °C. 
The bell- shaped curves suggest that the degradation is autocatalytic. The solid lines 
represent the average of 3 runs, and the dashed lines are the individual runs. 
 
Figure A.5. Degradation rates (dα/dt) vs. time plots of P1-d9 at 75 °C, 80 °C and 85 
°C. The bell-shaped curves suggest that the degradation is autocatalytic. The solid lines 
represent the average of 3 runs, and the dashed lines are the individual runs. 
 
The degradation rate TGA data was fit using a differential rate law for autocatalytic 
processes.[1] Mata-Perez and Perez-Benito express the reaction rate as: 






where R is the reactant, P is the product, and k1 and k2 are the rate constants that describe 
the non-catalytic and catalytic mechanisms, respectively. Eq. S2 can be converted to fit 
isothermal TGA data by redefining the concentrations of reactants and products in terms 
of α. 
[𝑅] = 1 − 𝛼 Eq. A.3 
[𝑃] = 𝛼 Eq. A.4 




= 𝑘1 + (𝑘2 − 𝑘1)𝛼 − 𝑘2𝛼
2 Eq. A.5 
For each degradation temperature, a least-squares regression fitting approach in 
MATLAB 2013b was used to determine the coefficients k1 and k2 for both P1 and P1-d9 





Figure A.6.Experimental and predicted degradation rates (dα/dt) vs. conversion (α). 
a) P1 and b) P1-d9. The solid lines are the average degradation rates (n=3), and the 
dashed lines are the fits obtained with the differential rate law (Eq. A.5). 
Table A.1. Kinetic parameters for thermolysis of P1 and P1-d9 based on isothermal 
TGA. Ea is the activation energy and R2 is the correlation coefficient for the fit. 
 
The activation energy (Ea) values for non-catalytic and catalytic mechanisms were 
derived from the rate constants k1 and k2, respectively, at three different temperatures 
(Table A.1). Assuming Arrhenius rate dependence, we plotted ln(k) vs. 1/T and estimated 
the activation energy using a least-squares regression to Eq. S7 with R2 values for all fits 
greater than 0.99. 
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𝑘 = 𝐴𝑒𝑥𝑝 (−
𝐸𝑎
𝑅𝑇
) Eq. A.6 
ln(𝑘) = ln(𝐴) −
𝐸𝑎
𝑅𝑇
 Eq. A.7 
Finally, plotting the autocatalytic rate constant (Figure A.7), k2, vs. T estimates that the 
catalytic degradation rate for P1 is three times greater than that of P1-d9 at ca. 83 
oC. 
 
Figure A.7. Autocatalytic rate constants (k2) of P1 and P1-d9 vs. T. The dashed line 
represents the ratio of the two rate constants. 
A.4. Film casting of poly(vinyl butyl carbonate sulfones) 
Mechanical characterization of the polymer films provides some insight into the polymers’ 
potential use as electronic substrates or encapsulants. Free-standing films of P1–P4 were 
made using a solution of each in chloroform (100 mg in 1 mL). The solution was drop-
cast into a PTFE-line petri dish. Films of P2 and P4 were easily handled and manipulated. 
In comparison, films of P3 were brittle but can still be handled relatively easily, while P1 




The resulting films were dried at room temperature for 24 h before nanoindentation. A 
Hysitron TI-950 Triboindenter with a berkovich tip was used for nanoindentation 
measurements. Displacement control was used to indent the samples 1 µm. All samples 
were > 30 µm thick and adhered to steel disks using a cyanoacrylate adhesive. Films of 
P1−P4 display reduced moduli of 4.8, 2.4, 4.6, and 2.9 GPa, respectively (Figure A.8).  
Figure A.8. Nanoindentation of Poly(vinyl butyl carbonate sulfones) 
DSC measurements show that polymers P2, P3, and P4 exhibit glass transition 
temperatures (Tg) at 84, 83, and 63 °C, respectively, while P1 does not exhibit a Tg prior 
to thermal decomposition. Although P3 and P4 degrade at similar temperatures, the Tg of 
P3 is closer to that of P2. The film forming observations, nanoindentation data, and DSC 
data are all self-consistent, and suggest that increasing side-chain branching results in 
stiffer more solid like polymeric films. It appears however, that the as the materials 
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become stiffer they suffer from extreme brittleness, making it difficult to handle the films 
for any applied use.  
To demonstrate the physical transience of these polymers, a film of P1 was heated at 110 
°C on a hot stage; it disappeared within 12 min as the volatile products bubbled away 
(Figure A.9). 
 
Figure A.9. Thermal degradation of P1 on a hot-stage at 110 °C. 
A.5. Conclusions 
In this contribution to the study of poly(vinyl butyl carbonate sulfone)s, I examined the film 
forming capabilities of the four substituted polymer variations. It was found that increased 
degree of substitution on the polymer side chain led to poorer film forming capabilities, 
higher relative stiffness, and an increase in Tg. Kinetic analysis of the thermal degradation 
of P1 and P1-d9 revealed a positive kinetic isotope effect, by which the thermolysis of P1 
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is 3 times faster than that of P1-d9 at 85 °C. This information was used to propose the 
rate determining step in the depolymerization mechanism for P1.[2]  
A.6. References 
[1] F. Mata-perez, J. F. Perez-Benitol, 1987, 64, 925. 




Appendix B: An investigation into Transient Electronics on 
PVtBCS/cPPA Free-Standing Films 
B.1. Thermally Triggered Transient Electronics 
This appendix is to introduce and discuss the progress made towards creating thermally 
triggered transient electronics from the PVtBCS/cPPA films presented in Chapter 3. 
Transient electronics were a large motivation for pursuing various triggering modalities 
for free standing polymeric films that could be used as electronic substrates. The goal 
being destruction of a transient electronic device by destroying the substrate on which it 
is fabricated. This has been demonstrated in aqueous environments with silk[1] and in 
response to UV light with a photoacid generator in cPPA.[2] Thermally triggered transience 
has also been demonstrated with an acid/wax/cPPA material system.[3] The 
PVtBCS/cPPA material system is an alternative thermally triggered material system that 
leaves < 2 wt% of residual mass after transience.  
A polymeric system must fulfill the following technical requirements for transient electronic 
applications: (1) suitably performs as a substrate or encapsulant for microelectronic 
packaging, (2) depolymerizes in response to an environmental trigger and deactivates 
the electronics, and (3) allows for tunable degradation kinetics. To fulfill the first criterion, 
PVtBCS/cPPA films must be compatible with the lithographic processes required to 
fabricate the electronics and must be sufficiently rigid enough to support electronics and 
be handled. The second criterion is two fold, requiring that the film be triggerable – 
demonstrated in chapter 3 – but also that the destruction of the film leads in some way to 
the destruction of the onboard electronics. The third criteria requires tunable degradation 
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kinetics for control over the lifetime of the transient electronic device, which has also been 
demonstrated in chapter 3. This appendix discusses how PVtBCS/cPPA films meet the 
first and second technical criterion and how improvement may be possible to create fully 
vanishing transient electronics. 
The compatibility of the PVtBCS/cPPA films with e-beam deposition and sputtering 
deposition was tested for the fabrication of Mg electrodes. The Mg electrodes were 
deposited directly onto the polymer films successfully, creating conductive electrode 
connections. This approach was combined with a high-resolution photomask to create 
serpentine traces that functioned as resistors. An image of these resistors on the 
PVtBCS/cPPA films is shown in Figure B.1. This confirms in part that the films are stable 
enough for the deposition of metal electronic components, which is a key part for the 
fabrication of transient electronics. The fabrication of a fully integrated electronic circuit, 
however, will require the fabrication of active components, such as transistors or diodes, 
but this was not evaluated for PVtBCS/cPPA films. 
 




The Mg serpentine electrodes – or resistors – were used to measure the transience time 
of an electrode fabricated on a PVtBCS/cPPA film when triggered at 85 °C. This 
experiment was performed by measuring the resistance of the Mg resistors as they were 
heated from room temperature to 85 °C and then held isothermally until device failure. 
The resistance of the resistor was measured using a Wheatstone bridge setup connected 
to LabView for continuous monitoring. A schematic of the experimental setup is shown in 
Figure B.2, that shows how the films were heated and resistance measured. Half of the 
PVtBCS/cPPA films are placed on top of the hot stage. The region on the hot stage was 
thermally depolymerized, while the region away from the hot stage was used for making 
electrical contact with the Mg resistor to monitor the resistance. A similar experiment was 
performed in chapter 2, where the UV triggered cPPA films were irradiated with UV light 
while the resistance was continuously measured. In those experiments, a clear transience 
time was observed as the resistance increased with continuing UV irradiation leading to 
the complete failure of the resistor.  
 
Figure B.2. Experimental setup for measuring the resistance of a Mg resistor on a 
PVtBCS/cPPA film.  
The electronic lifetime of Mg electrodes – as defined by the failure of the resistor at 85 °C 
– was difficult to measure. The PVtBCS/cPPA film depolymerized and evaporated quickly 
as shown in Chapter 3, but the interaction with the onboard Mg resistors was unexpected. 
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The continuous resistance data for these experiments is shown in Figure B.3. During the 
ramp portion of the heating cycle the resistors act as thermistors, where the resistance 
increase is proportional to the temperature increase, and then a noisy plateau is observed 
once the temperature plateaus at 85 °C. At 85 °C the PVtBCS/cPPA films begin to rapidly 
depolymerize, but this is not readily observed in the resistance data. An increase in noise 
was observed in the resistance measurements, but samples were not found to fail in any 
predictable manner, if at all Upon closer inspection, it was discovered that the 
depolymerization of the substrate had little to no effect on the Mg resistor itself.  
 
Figure B.3. Resistance measurements of a heated Mg resistor on PVtBCS/cPPA 
substrates. The specimens were heated at 5 °C/min from room temperature to the 
specified temperature and then held isothermally for 35 min. 
The depolymerization and evaporation of the PVtBCS/cPPA film was found to be very 
gentle on the Mg resistor. The film was found to completely evaporate without disturbing 
the Mg resistor and the Mg resistor simply transferred itself into the underlying glass 
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substrate underneath the polymer film. There was no observable interaction between the 
acid formed or depolymerization products of cPPA with the Mg. This phenomenon is 
shown in Figure B.4. After 3 h of heating – an excessive amount to guarantee complete 
removal of polymer substrate – it is clearly seen that the Mg resistor remains after 
substrate removal. Since the substrate is being removed, but the Mg resistor is unaffected 
electronic transience of this system is dependent on its physical configuration.  
 
Figure B.4. Thermal depolymerization and evaporation of PVtBCS/cPPA film. Note 
the removal of the polymer substrate in the heated region while the Mg resistor remains 
unaltered. 
Future work on transient electronics with PVtBCS/cPPA should focus on developing a 
physical configuration that will exploit the loss of mechanical integrity of the film to destroy 
the electronics. Having a supportive substrate directly underneath the PVtBCS/cPPA film 
will lead to a transfer printing like phenomenon where the electronics are simply 
transferred from one substrate to another. Figure XX shows the thermal depolymerization 
of a PVtBCS/cPPA film in a 100 °C oven. Without the support of a substrate the Mg 
resistor breaks apart. Also, it is important to highlight that the electronic components – 
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metals and inorganics – will likely not be volatile, and an approach for making fully 
vanishing components has yet to be realized. Another application for this material may 
be as a sacrificial material where the PVtBCS/cPPA film can be completely removed with 
a moderate increase in temperature. 
 
Figure B.5. Thermal depolymerization of a Mg resistor on a 2 wt% PVtBCS/cPPA 
substrate at 100 °C. 
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